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Abstract

The sense of taste, or gustation, combines with olfactory and somatosensory cues to
give the overall perception of flavour once a food is accepted into the mouth. The
perception of bitter taste is thought to be primarily associated with rejection of a
food, and protects animals from ingesting potentially toxic substances. Bitter taste is
mediated through a group of G protein-coupled receptors known as the Taste type 2
receptors (Tas2rs) that are expressed in taste papillae on the tongue, and other

surfaces in the oral cavity.

Bitter taste in the domestic dog is of interest for a number of reasons. Firstly, pet
dogs are often fed a commercially prepared pet food. Any bitter taste from the raw
materials used in the manufacture, or formed during the processing of the product
has the potential to negatively impact on palatability. Secondly, bitter-tasting
chemicals are sometimes used to deter pets from consuming substances that are

harmful to them, such as automotive antifreeze and rodent poison.

In humans, bitter taste perception varies between individuals. Some of this variation
is known to be related to gene sequence variation in some of the TAS2Rs. Whether
this type of functional variation exists in dogs is not known. Dogs have been
selectively bred, and now are one of the most phenotypically diverse of all species. If

functional variation does exist in dog Tas2rs it may be associated with dog breed.

In order to understand the responses of dog Tas2rs and the impact of their variation,
this project deorphanised dog bitter receptors, and characterised their receptive
ranges. Equivalent human receptors were also tested so that, where possible, data
for orthologous receptors from dog and human could be compared. A heterologous
cell model was used, incorporating a novel Gaie/gust/o chimera. The performance of
this model was compared to that of the frequently used Ga16/gustas cChimera. Receptor
sensitivity and breadth of tuning varied, showing both similarities and differences
between orthologous dog and human receptors when tested with a library of 48

bitter compounds.



Gene expression data from dog fungiform taste papillae were also generated and
used to confirm the expression of putative bitter receptors in the dog. Papillae were
selected from different areas of the anterior portion of the tongue. RNA-seq analysis
showed that Tas2r expression varied depending on location, with papillae from the
front of the tongue showing significantly less Tas2r expression. Generally expression
levels were very low, and not all dog Tas2rs could be confirmed as expressed from

these samples.

Variation in sequence and functionality of dog bitter receptors between different
dogs and different dog breeds was assessed, with dTas2rl1 being studied as an
example. A database of dog genomes was used to assess the levels of variation
between dogs. Gene variants found in dTas2r1 were tested for functional impacts on
receptor function and expression in the heterologous cell model. Only subtle effects
on receptor function were seen. However, several rare variants caused a loss of cell-

surface expression, presumably due to retention of the receptor intracellularly.

In summary, this study showed that species differences in the sensitivity and tuning
of dog Tas2rs were found, when compared with their human orthologues. Ligands
were identified for 7 of the 16 putative dog Tas2rs and this information was used to
study the impacts of naturally occurring sequence variants in dog Tas2rl. Further
work on variants occurring in other dog Tas2rs will confirm if any high impact

variants might influence dog bitter taste perception, as is the case for humans.
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Gene and Protein Naming Conventions

Throughout this thesis the following conventions for gene and protein naming are
applied.

Gene names are italicised while protein names are not.

For humans all letters in the gene name are uppercase e.g. TAS2R1.

For other mammals the first letter of the gene name is in uppercase while remaining
letters are in lower case e.g. Tas2r119.

In some cases, for clarity, a letter indicating the species for the gene or protein is
added before the gene or protein name, e.g. dTas2r1 or dTas2r1 for a dog gene and

protein.



Table of contents

Chapter 1. INtroduction.........cccevviiiiiiiiiiiiiiiiiiinieeesssrsssrsesssssss s sssssssssseens 22
1.1. Why study taste in dOgS? .....uuuueuei s 22
1.2. Taste perception and taste reCePLOrS. .....coooviiirieiieeiiccicce s 25
1.3. Taste perception in the dOg ......cccceeiiiiiiiiiii s 26
1.4. GPCRs involved in taste and smell.........coccoviiiiiiiiiiinieeeee e 27
1.5, TaS2r @VOIUTION ... e e 30
1.6. Tas2r Function and Signalling. ........uuvueeiiiiiiiiiiiicieee e eeeens 32
1.7. Molecular receptive ranges Of TaS2IS...ccueiiiveieiiiieeiieeeeeeeeriiiiee e e e e eevrrreeeeeeeeeens 37
T - 1o A g =) d o] 11 o] o 38
1.9. TaS2r VariatioN ......eeuiiii 39
1,10, TAS2IS IN UOES wuueeeeeeiieeiiiiiiieeeeeeeeeettieieeeeeeeeeeerttaaeeeeeeeseesstaaaeeeessesssrsrnnaeeesseeees 40
1.11. Aims Of this thesSis ...ccoomiiiiiie e 48
Chapter 2. Screening of dog Tas2rs with a library of bitter compounds ................. 50
2.0, INErOdUCION ..cciiiiiiiieeecee e 50
2.1.1. Bitter compound SeleCtion .........ccoeiiiiiiiiiiiiiieee e 50
2.1.2. Identifying a heterologous expression system for Tas2rs. .......cccccceeeeeeeeeeennnn. 56
2.1.3. Alternative heterologous expression systems for Tas2rs. ........ccccceeeeeeeenennnnn. 58
2.2. Aims of this Chapter........ccccoi i, 59
2.3. Materials and methods ..........oooouiiiiiiiiiiiii e 59
2.3.1. General molecular biology techNiQUES ........ceeeiiiiiiiiiiicee e, 59
2.3.1.1. Polymerase chain reaction .......cccoooviiiiiiiiiieee e 59
2.3.1.2. Gel eleCtrOPNOrESIS ... iieeeeeeeiicee e e e e e e e e e e e e aaaaaa 62
2.3.1.3. Gel @XEraCtioN ....eeeeiiiiieee e 62
2.3.1.4. Restriction digestion and ligation ............ccoeeiiiiiiiiiiiee e, 63
2.3.1.5. TransfOrmMation ........cieviii i 63



2.3.1.6. Plasmid DNA preparation......cccccceeeeiiiiiiii e, 64

2.3.0.7. SANGEI SEQUENCING «eevueieiiiiieeeitiee e ettt e e ettiee e eetet e eetesaeeeeesueeeeeanaeeeenennaaaes 66
2.3.1.8. TransTeCTION .o 66
2.3.2. CIITINES ettt e e e et e e e e e e s eeeeeeeeeas 66
2.3.3. Compound sourcing and preparation.........ccccccceeeieiiiii, 67
2.3.4, EXPreSSION VECTON .. iiiiiiieeiiiie ettt e et e et s e e erae e s eeeeneseeeenaeaees 71
2.3.5. Assay preparation and execution — Pre-SCreen..........ceeeeeeeeeeevvvriieeeeeeeeeevnnnnns 72
2.3.6. Data analySis — Pr&-SCIEEN ......uuuueeeieeeeeeeeiiiieeeeeeeeeevtttieeeeeeeeeeeesrtaeeeeeeeseesnnnnns 75

2.3.7. Statistical analysis and selection criteria for concentration-response testing. 75

2.3.8. Assay preparation and execution — concentration-response testing .............. 77
2.3.9. Data analysis — concentration-response testing .......ccceeeeeeeerivvevviieeeeeeeeeeeennnnn. 78
2.4, RESUIES ..ttt e s 78
2.4.1. Pre-screen teSting data ......cuueviiiiiiiii it e e e 78
2.4.1.1. dTas2rl: effect of 1,10-phenanthroline and 4-benzylpiperadine.................. 80
2.4.1.2. dTas2rl pre-screening data......cccceeeveiiieeieeiiiini e e eeaee e s erae e 83
2.4.2. Concentration-response testing data.......cccceeeeiiiiiiiiiiiiiiee e, 93
2.4.2.1. Tas2rl concentration-response testing ......cooeivviiieriiiiiiin i 93
2.4.2.1.1. Selective responses of dTas2rl in concentration-response tests.............. 95
2.4.2.1.2. Selective responses of hTAS2R1 in concentration response tests.............. 98
2.4.2.1.3. Common responses of dog and humanTas2rl in concentration-response

L= £ PP 102
2.4.2.2. Tas2r2 concentration-response testing .....ccccevvvviiiriiiiiiinn i e, 105
2.4.2.3. Tas2r3 concentration-response testing .....cccovivvviiiiiiiiiiiin i, 112
2.4.2.4. Tas2rd concentration-response testing .....cccevivvviiieiiiiiiiin i, 113
2.4.2.5. Tas2r5 concentration-response testing ......ccevivviiiiriiiiiiieniiiiie e, 126
2.4.2.6. Tas2r7 concentration-response testing ......cccevivvviiiriiiiiien i, 134



2.4.2.7. Tas2r10 concentration-response testing .........ccouueiiiiiiiiiniiiiiiii e, 142

2.4.2.7.1. Selective responses of hTAS2R10 in concentration-response tests......... 143
2.4.2.7.2. Common responses of dog and human Tas2r10 in concentration-response

L= £SO PP PPPPIN 148
2.4.2.8. Tas2rl2 concentration-response testing .........ccvvueriiiiiiiiriiiiiienieeiee e, 151
2.4.2.9. Tas2r38 concentration-response testing .........covvueriiiiiiiiniiiiiiinieeiee e, 153
2.4.2.10. Tas2r39 concentration-response testing ......cccoevveivieiiiiii e 157
2.4.2.11. Tas2r40 concentration-response testing ......cccovvveivieiiiie e 162
2.4.2.12. Tas2r41 concentration-response testing ......cccoevveiviiiiiiii e 162
2.4.2.13. Tas2r42 concentration-response testing ......ccoevueiviiiiiiieieiie e 164
2.4.2.14. Tas2r43 concentration-response testing ......ccocvveiviiiiiiie e 164
2.4.2.15. Tas2r62 concentration-response testing ......cccccvveiviiiiiiii e 166
2.4.2.16. Tas2r67 concentration-response testing ......ccovvveivieiiiiie e 166
2.4.3, Ot NI FESPONSES...evvvttueeeieeeeieeettiieteeeeerererttiaaeeeeeeeererstttiaaeeeessrrssrrrnaaeeeesseees 166
2.4.4. Comparison with the Gaie/gustas chimera based assay .........cccceeeeeeeeeeienenn.. 166
2.5. DISCUSSION c.ccoiiiiiiiiiicc 171
2.5.1. Comparison of Tas2r responses with dog invivo data............................ . 171
2.5.2. Dog Tas2r-responsive ranges and breadth of tuning ........................... 173
2.5.3. Pre-screening of dTas2rs with 48 compounds ...........ccoeeeeiiiiiiii, 174
2.5.4. Concentration-response screening of dog and human Tas2rs ........ccceeeeeeeees 175
2.5.5. Comparison of Tas2r responses with published data...........cccceevvivieeeenns 177
2.5.6. SUMMIAIY ittt ettt ettt e e et s e et e e et s eeaaeetussatsnsaasnssesnsessnneennnnns 181
Chapter 3. Tas2r expression in dog fungiform taste papillae......cccccccccerrrrreennnnnee. 183
3.2 INErOAUCTION .cceiiiiiieeeeee e 183
3.1.1. Taste PAPIllAE. ..o e aaeeees 183
3.1.2. TASTE BUAS oo 185



3.1.3. Tas2r expression in taste bud cells...........vueeiiiiiiiiiiiiii e, 189

3.2. Aims of this chapter.......cccciiii 190
3.3. Materials and Methods .........ooouiiiiiiiiiiiee e 190
3.3.1. Animals used in this study.........ccccceiiiiiii 190
3.3.2. Taste papillae biopsy procedure.........ccccceeeiiiiiiiii, 191
3.3.3. RNA @XEraCtioN .o e e 192
R T B 2\ AN <o 18 =] o of 1 =t 193
3.3.5. RNA amplification, library generation and sequencing.........cccccvvvveeeeeeennnnns 194
3.3.6. RNA-5€0 data @nalySiS.....cceeirriiiiiiiiiiie et eeeeee e e e e eeeeees 197
3.3.7. Polymerase chain reaction .........ueeeiiiiiiiieiiiiiccee e e eeeees 198
B4  RESUIES ..ttt e s 200
3.4.1. Fungiform papillae biopsy ......euurueeiiiiiiiieeeiicce e 200
3.4.2. RNA exXtraction. ... 202
3.4.3. RNA amPlification couuuuueeiiiiiiiieiiiceie e e e e eeeeees 204
R S\ AN <o 10 1] o ol 1o =t 207
3.4.4.1. Sequencing library preparation .........coeeviciin i 207
R I B Y- To [ 1= o Uol 1 o = TP PPRPR 207
3.4.4.3. Analysis With @AZER .....coiiiiieeeee e e 211
3.4.5. Analysis of Tas2r gene expression........ccccceeeeeeeeeeeeceeeceeeeeeeeeeeeeeeeeeeeee e, 220
3.5, DISCUSSION ..o 227
3.5.1. Fungiform papillae density and total taste bud numberin dogs................... 227
3.5.2. RNA extraction and sequencing library generation.........ccc.ccoovvvvviiiiieeneeennns 228
3.5.3. Data analysis method performance ...........uuceeeiiiieiiiiiiiceee e 228
3.5.4. Differentially expressed genes discovered with edgeR..........ccovvvvveeeenninns 229
3.5.5. Tas2r expression @analysSiS.......cuuuiceeiiiieiiieiiiceee e e e e eeees 230
3.5.6. Alternative Methods .........ooouiiiiiiiiiiiiic e 232



3. 5. 7 SUMIMIAIY ettt e et e e e et e e e tan e e e e ena e eeeanaens 233

Chapter 4. Sequence variation in dog Tas2rs and its impact on receptor function.

.............................................................................................................................. 234
3 B [0 Y i o To [ ¥ ot i o o ISP TP UUUPPPPPPPPPPRRIN 234
4.1.1. The discovery of functional polymorphisms in taste receptors............cvuue... 234
4.1.2. Genetic variation iN dOZS .......uuuuuuuiiiiiiiiieiiiieeieeeeeeeeeseeeeeeeeeeeeeeereereeee———————. 236
4.2. AiMS OFf This ChaPLEI...ccceeeeeeicee e 238
4.3. Materials and Methods ...........eviiiiiiiiiii e 239
4.3.1. The Dog Biomedical Variant Database Consortium (DBVDC) .........ccccvvvvuenn.... 239
4.3.2. SNP and haplotype @nalysiS.......ccoveurruiiiiieeiiiieiiiiieeeeeeeeeeeveee e e e eeeereee s 240
4.3.3. Epitope taggiNg Of ATOS2rS ..eiiieieeeeiiiieee et 240
4.3.4. Site directed mutagenesis Of ATAS2rT ........ooovvvuieieeiiiiiiiiiiieeee e 242
4.3.5. Calcium mobilisation assay for dTas2r1 variants ........ccccccvvveeeeeeeeereeevnnneennn. 245
4.3.6. Flow cytometry analysis for dTas2r1 variantsS.....cceeeeeevveeeeriiieeeeeeeeeeennnnneenen 246
4.3.7. Data @NalYSiS.cuuuueeieiiiiiiiiiiiieieieeeee et e e e et e e e e e e e a s 247
B4, RESUITS .ttt e st e e s e e e s e e e e e e e e e e 247
4.4.1. Tas2r genes and the DBVDC.......ccooiuiiiiiei i e 247
4.4.2. Epitope tagging Of ATAS2rL .........uuuvveeeieiiiiiiieiieieeeieeeeeeeeeeeeeseeeeeesaeeaeeesanaeaaaa.. 251
4.4.3. Functional variation in dTas2rl ........ccceeuveiiiiiiiiiiiiiiiiiieeeeeeeeeeeee e 252
4.4.4. Cell surface expression of dTas2rl variantsS.............eeeeeeeeeveeeeeeeeeeeeeeeeenneeennnn. 263
4.5, DISCUSSION c.ettitiiiiiiiiiiiiiitiiitit ettt ettt et e e et e et e b e s b e bbb s b e aaasasasabsassasessassssseee 266
4.5.1. Functional variation in dTas2rl ........cc.euviiiiiiiiiiiiiiiiieieeee e 266
4.5.2. Distribution and expression of dTas2r1 variants ........cccccccveeeeeeieeeeeeiinnnnnn. 271
4.5.3. SUIMIMAIY citiiiiiieiiiie ettt e e et s e et e eat s e et eetaeataasaatneaasaseesnneernnneees 273
Chapter 5. Final diSCUSSION....cccceeeeeeiiiiiiiiiiiiircccnnnireeeneessse s eeesnasssssessseesennansssnns 276

13



Table of figures

Figure 1.1: TAS2R and class A GPCR conserved motifs labelled on each

transmembrane helix reproduced from Topin et al. (2020) ........cevveeeveverreereeeeeenennnns 34
Figure 1.2: Transduction mechanism of Tas2rs ........ccoouviiiiiiiiiiiiinniiiieeeeee e 36
Figure 1.3: Phylogenetic tree of Tas2r amino acid sequences from three species .... 46
Figure 2.1: Chemical structures of A) quinine, B) quinacrine and C) chloroquine...... 55

Figure 2.2: Alignment of the C-termini for the Ggsubunits GNAT3 (Gggust), GNAT2
(Gat), GNAI2 aNd GNADOTL.....eiiiiieeieeeiieeee e et e e e e e e e s eeeeeeeeeas 58

Figure 2.3: Alignment of the G protein chimera sequences for Gais/gustas and Gai6/gust/o

Figure 2.4: Polymerase chain reaction (PCR) amplifies specific double stranded DNA

L1 14 001 01 £ U PRORRRR 61

Figure 2.5: A plasmid map of the expression construct pcDNA5 FRT
TO/ISSEI3/NTASZRI0. ... eeeeee ettt et e et e e e et e e e e reaeeeeeareeseeaenaeseeeanaeseeranaans 72

Figure 2.6: Layout of the compound library on the pre-screen plates ........cccceece...e. 74

Figure 2.7: Plate layout for the initial phase of the concentration-response testing

VR R TR R (= ) = 1 o] o T PP 77

Figure 2.8: Response data for mock transfected cells when stimulated with 10uM

ATP and @ 2-FOId ilULION SEIIES ..ovvveiiiie ettt ettt s et e e e eaneeeeanas 79

Figure 2.9: Pre-screening data for dTas2rl and A) 1, 10-phenanthroline or B) 4-
1= oV AV AT o1 o L= = Vo 11 1= SRR 81

Figure 2.10: Raw data for responses of dTas2rl and mock transfected cells to two

=1 Aol ] g oY oo 1U] o L3P 82

Figure 2.11: Pre-screening peak calcium response data for dTas2rl and the first 12

compounds iNthe [IDrary ... e e e e e 84

Figure 2.12: Pre-screening peak calcium response data for dTas2r1 and the second

12 compounds iNthe lIBrary ... e e eeees 85

14



Figure 2.13: Pre-screening peak calcium response data for dTas2r1 and the third 12

compounds iN the lIBrary ... 86

Figure 2.14: Pre-screening peak calcium response data for dTas2r1 and the last 12

compounds in the lIBrary ... 87
Figure 2.15: Raw data for responses of dTas2rl to diphenidol...........ccceeeeeiiiiinnnnnn. 89
Figure 2.16: Compounds showing specific activity for dTas2rl, but not hTAS2R1 ....97

Figure 2.17: A. Compounds showing specific activity for hnTAS2R1, but not dTas2r1

Figure 2.18: Compounds showing specific activity for hTAS2R1 and dTas2r1.......... 104
Figure 2.19: Concentration-response data for Tas2r2 and 1, 10-phenanthroline.... 106
Figure 2.20: Concentration-response data for Tas2r2 and colchicine ..................... 108
Figure 2.21: Concentration-response data for Tas2r2 and aurintricarboxylic acid .. 109
Figure 2.22: Concentration-response data for Tas2r2 and ofloxacin ...................... 111

Figure 2.23: Previously generated data for dTas2r3 with chloroquine in a luminescent

T AV (o] 4 o F- | O PPPPPPIN 113
Figure 2.24: Concentration-response data for Tas2r4 and aristolochic acid ........... 115
Figure 2.25: Concentration-response data for Tas2r4 and (-)-camphor.................. 116
Figure 2.26: Concentration-response data for Tas2r4 and chloramphenicol .......... 117
Figure 2.27: Concentration-response data for Tas2r4 and chlorhexidine ............... 118
Figure 2.28: Concentration-response data for Tas2r4 and colchicine ..................... 119
Figure 2.29: Concentration-response data for Tas2r4 and cucurbitacin B .............. 120

Figure 2.30: Concentration-response data for Tas2r4 and denatonium benzoate .. 121
Figure 2.31: Concentration-response data for Tas2r4 and aurintricarboxylic acid .. 122
Figure 2.32: Concentration-response data for Tas2r4 and quinine........ccccccvvueenn.... 124

Figure 2.33: Concentration-response data for Tas2r4 and resveratrol ................... 125



Figure 2.34:
Figure 2.35:
Figure 2.36:
Figure 2.37:
Figure 2.38:
Figure 2.39:
Figure 2.40:
Figure 2.41:
Figure 2.42:
Figure 2.43:
Figure 2.44.
Figure 2.45:
Figure 2.46:

Figure 2.47:

Figure 2.48:
Figure 2.49:
Figure 2.50:
Figure 2.51:
Figure 2.52:
Figure 2.53:
Figure 2.54:
Figure 2.55:

Figure 2.56:

Concentration-response data for Tas2r4 and sucralose......................
Concentration-response data for Tas2r5 and 1, 10-phenanthroline.... 128
Concentration-response data for Tas2r5 and (-)-camphor..................
Concentration-response data for Tas2r5 and cucurbitacin B ..............
Concentration-response data for Tas2r5 and aurintricarboxylic acid .. 131
Concentration-response data for Tas2r5 and oxyphenonium bromide 132
Concentration-response data for Tas2r5 and sucralose......................
Concentration-response data for Tas2r7 and 6a-methylprednisolone 135
Concentration-response data for Tas2r7 and (-)-camphor..................
Concentration-response data for Tas2r7 and chloroquine...................
Concentration-response data for Tas2r7 and aurintricarboxylic acid .. 139
Concentration-response data for Tas2r7 and oxyphenonium bromide 141
Concentration-response data for Tas2r7 and sucralose

A. Compounds showing specific activity for hnTAS2R10 but not dTas2r10

............................................................................................................ 147
Concentration-response data for Tas2r10 and cucurbitacin B............. 149
Concentration-response data for Tas2r10 and (-)-a-thujone .............. 150
Concentration-response data for Tas2r12 and flavone........................ 152
Concentration-response data for Tas2r38PAV and sinigrin................. 154
Concentration-response data for Tas2r38PAV and (-)-a-thujone......... 155
Concentration-response data for Tas2r38PAV and PROP.................... 156
Concentration-response data for Tas2r38PAV and PTC ...................... 157
Concentration-response data for Tas2r39 and acetaminophen .......... 158
Concentration-response data for Tas2r39 and sucralose.................... 159



Figure 2.57: Concentration-response data for Tas2r39 and thiamine..................... 161

Figure 2.58: Concentration-response data for Tas2r41 and oxyphenonium bromide

Figure 2.59: Concentration-response data for Tas2r43 and aristolochic acid ......... 165

Figure 2.60: Concentration-response curves for Tas2rl and (-)-a-thujone from

comparative testing with the A) Gais/gust/o and B) Gaies/gustas €Xpressing cell lines ... 168

Figure 2.61: Responses of dogs to denatonium benzoate at a concentration of

TOOM VS Plain WatEI .. .ceeeeeeeiicee et e e e e e e e e e s a e 172
Figure 2.62: Cat Tas2r calcium response data reproduced from Lei et al. (2015).... 179
Figure 3.1: Gustatory papillae and taste buds in humans.........cccceeeeeeeiiiireviiinnnn... 184

Figure 3.2: Graphic representation of the average total regional distribution of taste

buds over the entire dorsum of three puppy tONZUES.......cccovvvvviiiiieeeieieieeeinne. 187

Figure 3.3: Models of taste coding at the periphery reproduced from Chandrashekar

[ I 7010 PSP P PP 189
Figure 3.4: Papillae sampling sites on the tONZUE .......ceeeeiiiiiiiviiiiiieneeeeeeeeeiee, 192
Figure 3.5: Flowchart of SMART cDNA sYNthesis .......cveeeeiiiiiiieviiiiiieeeeeeeeeeviiceeeen. 195
Figure 3.6: lllumina Nextera XT library preparation.......c.ccceevvvviiviceeneieeeeriiceenn, 196
Figure 3.7: Fungiform papillae on the anterior portion of a dog tongue.................. 200

Figure 3.8: Expected results for A) positive and B) negative control samples following
cDNA synthesis and amplification with the SMART-Seq® v4 Ultra® Low Input RNA Kit

Lo R Y=To LU T=T o [ol 1 o V- 205

Figure 3.9: Electropherograms for all cDNA samples prepared with the SMART-Seq®
v4 Ultra® Low Input RNA Kit for SEQUENCING .......evvviiiiiiiiiiiiiiiiieieeseeeveeeeeeeeeeesaneeeeens 206

Figure 3.10: Sequencing quality (Phred score) for each base position in the read for

each of the 34 samples tested .....cuuvuueiiiiiiiieccee e 208

Figure 3.11: Summary counting information for RNA-seq data from dog fungiform

papillae generated by featureCounts.........cceeeiiiiiiiiiiicie e 211

Figure 3.12: PCA analysis of gene expression in the fungiform papillae samples.... 213

17



Figure 3.13: PCA analysis of gene expression in the fungiform papillae samples with

DIEC, kidney and negative samples excluded ........ccccoeeiiiiiiiiiiiiiiiiiiiccc e 214
Figure 3.14: Dispersion estimates for the filtered RNA-seq data........ccccoeeeeeennnnnnn. 216

Figure 3.15: Heatmap of differential expression for the top 20 genes based on p-

values and False Discovery Rate (FDR) ........uuuuiuiiiuerieeiieeirierieeereeesseereseeseesneeseneenne. 217
Figure 3.16: Smear plot to show differentially expressed genes.........cccceeeeeeeennnnnn. 218

Figure 3.17: Volcano plot of log fold change (logFC) plotted on a log scale against —
log10 false discovery rate (-IogLO(FDR))..uuuueeeeieeiieeeiiiieeeee e 219

Figure 3.18: PCR results for all dTas2rs from the three replicate cDNA libraries made

from the same RNA SAMPIE c..covviiiiiiiiiieeeeeceee e e e e e eer s 222

Figure 3.19: PCR results for the papillae sample found to express the highest number

o e o K72 P PPPPPPIN 223
Figure 3.20: Raw read counts and TMM values summed by sample.........cccccuuu...... 226

Figure 4.1: Dog domestication resulted in a two genetic bottlenecks, reducing

genetic diversity in the ancestors of modern dogs......ccceevveeiiiieeiiiiieeeeeeieeeeiiceenee. 237

Figure 4.2: The dTas2r1 expression construct tagged with an N-terminal FLAG

sequence for IMMUNOCYEOCNEMISTIY...ciiiiiiiiiiiiiiieieeeeeeeeeeeeee e e e e e e eeeaaaae 241
Figure 4.3: The Agilent QuickChange Il SDM technique........ccovvveieeeiiiiiiriiiiinnn. 243

Figure 4.4: Variations in dog Tas2r gene sequences that have the potential to alter or

eliminate receptor fUNCLION .......ooiiiiiiiiieeeeeeeee s 249
Figure 4.5: Specificity of different Tas2r variants to different breeds..................... 251
Figure 4.6: FLAG labelled and unlabelled dTas2rl with 6-nitrosaccharin................ 252

Figure 4.7: Concentration-response data for the dTas2rla41v variant compared to

the WT receptor with 6-nitrosaccharin........ccccoooiiiiiiiiiiini e, 258

Figure 4.8: Concentration-response data for the dTas2rlviae, dTas2rlgiooe and

dTas2rlgiz2evariants compared to the WT receptor with 6-nitrosaccharin............. 259

Figure 4.9: Concentration-response data for the dTas2rlasor and dTas2rlszz¢ variants

compared to the WT receptor with 6-nitrosaccharin .........cccccoovviiviiiiiiienneeeeeninnn, 261

18



Figure 4.10: Analysis of receptor expression with flow cytometry.........cccceeennnnnn. 264

Figure 4.11: dTas2rl variants previously shown to have almost no response to 6-

nitrosaccharin also showed no FLAG labelling on the cell surface .........ccccceeunnnnnn. 265

Figure 4.12: Summarised data from flow cytometry experiments with dTas2rl

variants (n=2) with three technical replicates fromeach ........cccccceeeeeiiiirriiiniinn... 266

Figure 4.13: 2D representation of dTas2r1 generated with GPCRdb (Pandy-Szekeres
LYo | B 0 - PR 270

19



Table of tables

Table 1.1: A comparison of conserved motifs in class A GPCRs and their counterparts

in hTAS2Rs reproduced from Di Pizio et al. (2016) ........cceeevvveeiiiiiiiiiiieeeeeee, 33
Table 1.2: Previously reported Tas2rs in the dog and those identified in this study . 42

Table 1.3: Dog Tas2r gene coordinates and the chromosomal locations of dog and

human genes (P = PSEUAOZENE) .....uuuuuuuii s 47

Table 2.1: Known ligands for human TAS2Rs having a 1:1 orthologue in the dog that

WeEre USEd iN this STUAY ..uuuueeiii i e e e e e e e e e eeeaaaaes 51
Table 2.2: Preparation details for all compounds used in this study........cccccvvvvennn.... 68

Table 2.3: Receptor-compound combinations shortlisted for dose-response testing

despite the lack of a specific response in the pre-screen data........ccccceeeeeeeeeeereeennnn. 90

Table 2.4: A. Summary of compounds 1-24 showing those selected for further testing

................................................................................................................................ 91
Table 2.4: B. Summary of compounds 25-48 showing those selected for further
L] o 1 o V= 92
Table 2.5: Compounds failing to show specific responses in the initial phase
concentration-response testing With Tas2rd .......ceeeeiiiiiiiiiiiiiiieeeeeeeeeiiceee e 94

Table 2.6: Summarised data for all dog Tas2rs deorphanised as part of this study. 170

Table 3.1: Number of taste buds in different animals adapted from Kare (1971) ... 186

Table 3.2: Dogs used in this StUAY ........coovviiiiiie i 191
Table 3.3: dTas2r primer sequences and expected product length ........................ 199
Table 3.4: Taste papillae counts and densities from dogs...........ouveeeeiiiirrriininnnn... 201

Table 3.5: Quality and quantity of RNA extracted from dog fungiform papillae...... 203
Table 3.6: Summary of alignment output after alignment with STAR ..................... 209

Table 4.1: Primers used for site directed mutagenesis of the dTas2rl containing

Lo o] (1YY To] g IRV =To1 o] PRSPPI 244

Table 4.2: All variants found in the dTas2rl sequence using the DBVDC database . 254

20



Table 4.3: Summary of breeds carrying all identified non-synonymous SNPs in

ATAS2IL oo

Table 4.4: Summary of concentration-response data in the calcium mobilisation

assay for WT and variant dTas2r1

21



Chapter 1. Introduction

1.1. Why study taste in dogs?

Dogs (Canis familiaris) are the most commonly-owned pet across many countries of
the world (GfK, 2016). They were the first species ever to be domesticated by man
(Thalmann et al., 2013a) , and since that time have lived alongside humans (Homo
sapiens). Due to the unique position dogs occupy within human society, it is perhaps
not surprising that owners of dogs are often interested in how their pets perceive
the world. How dogs see, smell, taste, touch and hear has shaped their relationship

with humans, and given rise to numerous opinions about the senses of the dog.

Dogs belong to the family Canidae, which among others includes wolves (Canis
lupus), coyotes (Canis latrans), jackals (Canis adustus, Canis mesomelas and Canis
aureus) and foxes (all members of the Vulpini genus are referred to as “true foxes”,
but several other genera are included). After many years of discussion, it is now
widely accepted that dogs are descended from wolves, although the exact location
and timing of this event(s) is still under debate (Frantz et al., 2016; Botigue et al.,
2017). Estimates of the timing of dog domestication vary, but fall between 20,000
and 40,000 years ago. This initial domestication event produced the first of two
bottlenecks in dog evolution. The second occurred during the 1800s with the
establishment of breed clubs, and an increased focus on selective breeding
(Lindblad-Toh et al., 2005). In the first of these two events, it appears that genetic
variation actually increased in the dog genome as a result of a reduction in selective
pressure associated with living alongside humans (Bjornerfeldt et al., 2006). This is
hypothesised to be the mechanism by which so much variation was introduced into
the dog genome. During the second period of increased selective breeding in the
1800s, variation became segregated in the different dog breeds, and variation within

breeds was drastically reduced (Ostrander et al., 2005).

As dogs became domesticated, a number of changes occurred that separated them

from their wolf ancestors. Their initial selection is thought to have been based on
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tameness. Studies on the silver fox (a melanistic form of the red fox Vulpes vulpes)
showed that selection for tameness also brought about polymorphic changes similar
to some traits seen in the domestic dog (Trut et al., 2009). Changes in coat colour
(mostly loss of pigmentation resulting in white patches), along with the development
of floppy ears and curved tails were all noted in the foxes. There is also genomic
evidence that dogs adapted to a diet containing more carbohydrate (Axelsson et al.,
2013). This study identified changes in dogs relative to wolves in three genes related
to the ability to digest and metabolise starch, namely a-amylase 2B (Amy2b),

maltase-glucoamylase (Mgam) and sodium-glucose transporter 1 (Sglt1).

However, there is no published research on how the dogs’ sense of taste compares
to that of the wolf. In the case of taste, general opinions among dog owners vary
widely, and are sometimes related to the breed of dog in question. Some breeds
might be perceived as greedy and indiscriminate in their sense of taste, while others
might be thought of as fussy or discerning. Somewhat surprisingly, peer-reviewed

research on the dog’s sensitivity to tastes is rare.

Some of these observations have been found to have some scientific basis, while
others remain unsubstantiated. Work on the Labrador Retriever breed revealed a
14bp deletion in the pre-opiomelanocortin (Pomc) gene (Raffan et al., 2016). This
was associated with increased body weight, adiposity, food motivation and was also
found to be more common in dogs selected to become assistance dogs, presumably
because of their performance in food reward-based training. The mutation was only

found in Labradors, and the closely related Flat-Coat Retriever.

Although functional genetic variation in taste-related genes has not been previously
described in dogs, it is well-known that such variation exists in humans, particularly
in the bitter receptors (Bufe et al., 2005; Soranzo et al., 2005; Pronin et al., 2007). It
is intriguing to speculate that such variation may also exist in dogs, and that by way

of selective breeding, may have become heterologous between dog breeds.
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Scientific evaluation of these points would be of value to the pet food industry. The
manufacture and sale of commercial pet food generated $22.62bn in retail sales for
the US and $73.3bn worldwide in 2014 (PetFoodIndustry, accessed 2017). Product
performance and palatability are key parameters for large companies producing pet
food. A better understanding of the impact of bitter-tasting raw materials might help
manufacturers avoid palatability problems or allow greater flexibility in the selection

of ingredients, particularly where plant-based materials are concerned.

This information will also be of great interest to dog owners, particularly where
bitter taste plays a role in animal safety. Accidental poisoning of pet dogs is not
uncommon. Some products have become well-known for their involvement in cases
of poisoning in pets. In particular automotive antifreeze, which may contain the
toxin ethylene glycol, has been associated with pet poisonings. In one study
(Rowland, 1987), the incidence of ethylene glycol poisoning in dogs and cats at
Colorado State University Teaching Hospital between 1979 and 1986 was
investigated. Of 104 cases, 56 were attributed to rodenticides and 30 to ethylene
glycol, with ethylene glycol having the highest case-fatality rate of 43.3%, compared
to 11.3% for rodenticides. Another study of phone calls made to the Kansas State
Veterinary Diagnostic Laboratory found that 1,616 calls were made regarding
exposure of cats and dogs to substances perceived as harmful by their caregivers
during the three year period of 2009-2012 (Mahdi et al., 2013). Of these 84.7%
involved dogs, while 15.3% related to cats. The majority of calls were related to
ingestion of drugs, but household chemicals, foods, pesticides and plants were also
common. In the case of antifreeze, a sweet taste is sometimes attributed to it, and
cited as the reason for its involvement in cases of dog poisoning. However, this has
been shown not to be the case (Doty et al., 2006), with ethylene glycol and
antifreeze solutions having lower preference than water or a 20% sucrose solution

(Marshall et al., 1990).

Hazardous products, such as automotive antifreeze and rodenticides, are sometimes
laced with the bitter-tasting (to humans) chemical denatonium benzoate (tradename

Bitrex®). It is believed to deter unwanted, and potentially fatal ingestion by children
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or pets (Berning et al., 1982; Hansen et al., 1993; Jackson et al., 1995), although its
efficacy for deterring ingestion by humans generally has been questioned (Jobson et
al., 2015). Understanding dogs’ perception of denatonium benzoate, and other bitter
chemicals, might help to confirm the appropriate level of inclusion for preventing
ingestion, or identify chemicals that are more effective deterrents for dogs. In vitro
testing of bitter receptors in cell-based models could help with predictions of what

might taste most bitter to dogs, before moving to more expensive in vivo studies.

Dogs also engage in behaviours that would appear to show a disregard for the taste
properties of objects, such as pica (ingestion of a non-food item) (Pirrone et al.,
2015) and coprophagia (ingestion of faeces) (Soave et al., 1991). Coprophagia is
known to play a vital role in nutrition for some species such as rabbits, but this has
not been shown to be the case for the dog. Very little reliable information is
available on what drives these phenomena. While behavioural traits and other
senses, particularly olfaction, are likely to play a significant role in these incidences
of seemingly inappropriate ingestion, it may be the case that bitter perception (or

lack thereof) also plays a role, or is a useful deterrent.

1.2. Taste perception and taste receptors

The sensation of taste, or gustation, is sometimes assumed to be the complete range
of sensory experiences when food is accepted into the mouth. However, gustation is
only the component that is experienced through the action of specialised cells and
anatomical structures that comprise the gustatory system. Other contributors such
as smell, irritation (heat) and texture are experienced through other sensory systems

such as the olfactory, chemesthetic and somatosensory systems.

Five taste modalities are widely accepted, namely sweet, bitter, salty, sour and
umami (the savoury taste of meat). Other taste modalities may exist, such as starch
taste (Sclafani, 2004), or the taste of fatty acids (Mattes, 2009), but in these cases
some of the requirements for acceptance as a true taste modality are still to be met.
In the case of the accepted taste modalities, receptors specific for each one have
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been identified in the oral cavity. Sweet taste is mediated by the heterodimeric G
protein-coupled receptors (GPCRs) Tas1r2 and Tas1r3 (Nelson et al., 2001; Li et al.,
2002). Umami taste is also mediated by a heterodimeric GPCR and again Tas1r3 is
involved, this time in combination with Tas1r1 (Li et al., 2002; Nelson et al., 2002). In
both cases these are thought to be the primary mechanisms for sweet and umami
taste perception, but they may not be the only ones. Alternative receptors for sweet
taste perception have been proposed (Damak et al., 2003), and it is now established
that sodium-glucose cotransporters (SGLTs) are involved (Yasumatsu et al., 2020).
Sour taste was previously associated with members of the hyperpolarization
activated cyclic nucleotide gated potassium channels (HCNs) (Stevens et al., 2001)
and the polycystic kidney disease (Pkd) gene family (Huang et al., 2006; Ishimaru et
al., 2006), although more recent research attributes sour taste primarily to the
proton-selective ion channel Otopl (Teng et al., 2019). The taste of salt is perhaps
the least well understood of these 5 taste modalities, stimulating attraction in
animals at low concentrations, but aversion at high concentrations. The attractive
response has been shown to be mediated by the epithelial sodium channel ENaC
(Stahler et al., 2008; Yoshida et al., 2009; Chandrashekar et al., 2010), while the
mechanism for aversion to high salt concentrations involves recruitment of the bitter
and sour taste pathways (Oka et al., 2013). Bitter taste is mediated through a family
of GPCRs known as the Taste Type 2 Receptors or Tas2rs. First discovered in 2000
(Adler et al., 2000; Chandrashekar et al., 2000; Matsunami et al., 2000), the Tas2rs
are a family of receptors which often differ in number between species (see section

1.5).

1.3. Taste perception in the dog

Taste responses in dogs have been assessed by behavioural methods, and also with
electrophysiological methods (Beidler et al., 1955). Both bitter and sweet taste
responses in dogs were confirmed in a two-pan choice test versus plain water (Grace
et al., 1969). In this study, dogs rejected the bitter alkaloid quinine, but preferred
sucrose. Interestingly, dogs also rejected the artificial sweetener saccharin, which
can give a bitter off-taste in humans (Kuhn et al., 2004). Recording the activity of the
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chorda tympani and the lingual branch of the glossopharyngeal nerve in vivo
revealed that dogs responded to four classes of basic taste stimuli, namely sour,
sweet, bitter and salty (Kitchell, 1963). Later work also confirmed specific responses
in the chorda tympani to umami taste stimuli (Kumazawa et al., 1991).

There is very little published information which details taste detection thresholds in
dogs. In the case of bitter taste, dogs were shown to reject 0.01% (0.3mM) quinine
(Grace et al., 1969), but did not reject sucrose octaacetate, which is bitter-tasting to
humans (Kare, 1971). Some electrophysiological studies have also shown responses
to quinine at 20mM (Kitchell, 1963). However, these were not tested as minimum
thresholds and merely represent a good starting point for further studies on
comparative taste thresholds. In the case of denatonium benzoate, there is no
published threshold data for dogs, but it has been shown that rodents (Davis et al.,
1988; Kaukeinen et al., 1992) and pigs (Nelson et al., 1997) do not perceive
denatonium at as low a threshold as it is perceived by humans, a fact exploited in its
use in rodenticides where the concentrations used are thought to be less aversive to

rodents than to humans (Kaukeinen et al., 1992).

1.4. GPCRs involved in taste and smell

GPCRs are involved with many biological processes such as vision, cardiac function
and neurotransmission (Wolfe et al., 2007). The GPCRs that mediate taste and smell
form a varied group of receptors with some unique features. Three of the five basic
tastes are mediated by GPCRs, namely sweet, umami and bitter. Bitter taste is
mediated by a group of GPCRs (25 in humans), which show variation in the number
of receptors present between species. Olfaction is also mediated by a family of
GPCRs which can vary greatly in their number between different species (Niimura et
al., 2014). Humans have between 350-400 functional olfactory receptors (ORs) while

dogs have around 800 and the African elephant almost 2000.

There are five major families of GPCRs found in mammals, class A (rhodopsin), class
B (secretin and adhesion), class C (glutamate) and class F (frizzeled/taste2)
(Fredriksson et al., 2003; Davies et al., 2008; Stevens et al., 2013). All classes of GPCR
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share a common structure within their transmembrane domains (TMs). The seven
transmembrane helices are arranged in an anticlockwise formation, some of which
are tilted in relation to the cell membrane (Unger et al., 1995). The existence of
three intracellular and three extracellular loops is also a conserved feature of all
GPCRs. The largest family, the class A receptors, often have an eighth helix running
parallel to the cell membrane at the cytoplasmic C-terminal region (Katragadda et
al., 2004; Rasmussen et al., 2007). Other structural features of class A receptor TM
regions include kinks in the transmembrane helices, particularly for TM7, and
conserved sequences involved in receptor activation which are discussed in more

detail in section 1.6.

In the class A receptors, which include all of the olfactory receptors, small molecule
ligands normally interact with the pocket formed by the transmembrane helices,
while larger peptide or protein ligands engage with the extra-cellular loops or N
terminus in addition. In the case of class B receptors, the N-terminal domain is
typically the site of ligand binding. Class C receptors, which include the Tas1R family
responsible for the majority of sweet and umami taste perception, form dimers.
They have large N-terminal domains, sometimes referred to as a “Venus flytrap”.
This contains the orthosteric binding site, although allosteric sites exist in the
transmembrane region (Jiang et al., 2005; Winnig et al., 2007), and possibly the
cysteine rich domain which links the transmembrane and N-terminal domains (Jiang
et al., 2004). Such features are shared with other class C GPCRs, such as the
metabotropic glutamate receptors (Rondard et al., 2015), where taste specific
versions of the receptors have been implicated in umami taste perception
(Chaudhari et al., 2000; San Gabriel et al., 2005; Yasumatsu et al., 2015), and the
calcium sensing receptor CaSR (Geng et al., 2016), which has been implicated in the

taste sensation known as kokumi (Ohsu et al., 2010; Maruyama et al., 2012).

The GPCRs are described as such due to their interaction with heterotrimeric G
proteins, which consist of a, B and y subunits. There are four families of G subunits,
Gas, Gaifo, Gagand Ga12 (Premont et al., 2007). The Gasfamily, which consists of Ggs

and Gqoir derives its name from the ability to stimulate adenylyl cyclase, which causes
28



a rise in cyclic adenosine monophosphate (cAMP) and activation of protein kinase A
(PKA). Goir, was originally identified in olfactory sensory neurons (Jones et al., 1987)
and appears to be exclusively-expressed in these cells. The Gai/o family is comprised
of Gai, Gao, Gaz, Gat, and Gagust. Gagust, forms part of gustducin (see Chapter 2), which
is a G protein associated with the taste system (McLaughlin et al., 1992). The Gai, Gao
and Gq; subunits act by inhibiting andenylyl cyclase, and thereby cAMP production.
The Gat, and Gegust SUbunits activate phosphodiesterases (PDEs) which increase
hydrolysis of cyclic guanosine monophosphate (cGMP), and cAMP, respectively. The
Gag family, which consists of Gag Ga11 Ga14 and Gais (formerly known as Gaisin
humans), are associated with a number of receptors including histamine, muscarinic
and serotonin receptors. They activate the phospholipase C B family of enzymes
(PLCB), which increases production of inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). The Gai2 class, which is comprised of Gq12 and Gaai3, has been
associated with many different receptors, but in all cases the receptors signal
through other G proteins in addition to Gq12 and/or Gaas. Signalling is primarily

through the activation of the Rho GTPase family of monomeric signalling G proteins.

The By subunit of the G protein heterotrimer also consists of multiple members for
each element. In the case of the Gg subunit a family of six members transcribed from
five genes (Gp1-Gps) have been identified. The G, family is more numerous, with 12
members reported (Downes et al., 1999; Oldham et al., 2008). Most Gg subunits can
interact with most G, subunits but not all possible combinations occur (Clapham et
al., 1997). It is also possible for several Gg, dimers to interact with the same Gq

subunit (Graf et al., 1992).

Ligand binding induces conformational changes in the GPCR which in turn activates
the G proteins, causing dissociation of the a-subunit from the By complex, and
subsequent initiation of a cascade of downstream cellular signalling processes

(Figure 1.2).

Tas2rs are closely related to the class A GPCRs (Di Pizio et al., 2014), but are also

closely related to the Frizzled family of GPCRs (Fredriksson et al., 2003) and have
29



even been classified as a separate group (Horn et al., 2003). The Tas2rs have the
typical GPCR structure, with 7 transmembrane helices, three extracellular, and three
intracellular loops. Ligand binding occurs at an orthosteric site within the

transmembrane helices.

1.5. Tas2r evolution

Tas2r genes vary widely in number between different species (Conte et al., 2003; Shi
etal., 2003; Go et al., 2006; Dong et al., 2009; Jiang et al., 2012; Hu et al., 2013;
Shang et al., 2017) from 0 in the bottlenose dolphin (Tursiops truncates) and several
species of penguin (Zhao et al., 2015) to 51 in the western clawed tree frog (Xenopus
tropicalis) and 80 in the coelacanth (Latimeria chalumnae) (Syed et al., 2014). Within
mammals at least some of this variation is thought to be related to diet, and the
likelihood of encountering plant materials carrying toxins (Shi et al., 2006; Li et al.,
2014; Liu et al., 2016; Shan et al., 2018). In a broad analysis of 52 different
vertebrate species, the ingestion of plant material was found to correlate with the
size of the Tas2r repertoire (Li et al., 2014). Further evidence of the link between
dietary specialisation and Tas2rs was provided by an analysis of a superorder of
placental mammals which includes the Carnivora, the Laurasiatheria (Liu et al.,
2016). This analysis also highlighted a link between animals that swallow their food

whole and a reduced number of Tas2r genes.

Within the order Carnivora there are many other families besides the Canidae, some
of which vary in their dietary habits. The order as a whole includes carnivores,
herbivores and omnivores. The other families within the Carnivora are the Pinnipedia
(seals), Mephitidae (skunks and stink badgers), Procyonidae (racoons, coatis and
others), Mustelidae (weasels, badgers, otters, ferrets and others), Hyaenidae
(Hyenas), Eupleridae (small group of mongoose-like carnivorans endemic to
Madagascar), Herpestidae (mongooses), Viverridae (civets, genets and linsangs),
Nandiniidae (African palm civets), Prionodontidae (banded and spotted linsangs),
Ursidae (bears including giant pandas), Ailuridae (red pandas), and Felidae (lions and
other big cats, ocelots, wild-cats, domestic cats and others) (Nyakatura et al., 2012).
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The Tas2r repertoires in the order Carnivora have been shown to be the smallest
among terrestrial mammals, even where dietary adaptation to a herbivorous diet
has taken place (Shan et al., 2018). Herbivores and omnivores generally have larger
Tas2r repertoires. (Hu et al., 2013). In some cases, comparisons with more broadly
omnivorous or herbivorous species reveal a lack of gene duplication in the Carnivora.
Mice (Mus musculus) have a cluster of 5 genes in the orthologous group containing
dTas2r10 and hTAS2R10 for example (Hu et al., 2013) (Figure 1.3). Humans also show
gene expansion events not seen in the Carnivora, such as that seen in the cluster of

genes containing hTAS2R43-50 (Figure 1.3).

Expansions in Tas2r repertoires in omnivores and herbivores are hypothesised to be
related to the occurrence of bitter tasting toxins in the diet. However, the
relationship between bitterness and toxicity is not clear. More toxic compounds do
not necessarily have a stronger bitter taste (Glendinning, 1994) and small repertoires
of bitter receptors can still detect a wide range of bitter compounds by being more
broadly tuned (Behrens et al., 2014). An alternative hypothesis exists whereby
animals that encounter a high level of toxic compounds in their diet may in fact have
a higher tolerance for bitter tastes, despite having more Tas2rs. Animals that rarely
encounter such toxins may be more sensitive to them, and more likely to reject them
because they can “afford” to do so, given that the majority of their diet does not

contain such compounds (Glendinning, 1994).

Between humans and mice, there remains a reasonably large degree of similarity in
the organisation and sequence of the Tas2rs. In humans, the TAS2Rs are split into
two main clusters. One cluster on chromosome 7 consists of 9 TAS2R genes. The
other main cluster is on chromosome 12 and consists of 15 TAS2R genes. One gene
sits outside these clusters with TAS2R1 on chromosome 5 (Conte et al., 2003). In
mice the Tas2rs are also organised in two main clusters, but both are on
chromosome 6, separated by a region of approximately 70Mb. Cluster 1 contains the
genes orthologous to those on human chromosome 7, while cluster 2 contains those
orthologous to genes found on human chromosome 12. Tas2r119 sits on mouse

chromosome 15 and is orthologous to hTAS2R1. Tas2r134 sits on mouse
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chromosome 2 and has no functional orthologue in humans. The largest differences
between mouse and human gene numbers are for those on human chromosome 12,
and cluster 2 on mouse chromosome 6. Two expansion events appear to have
occurred here for human TAS2R genes, while 3 expansion events occurred for
mouse, giving rise to a large number of Tas2rs that do not have an orthologue in

humans (Lossow et al., 2016).

1.6. Tas2r Function and signalling.

The function of the Tas2rs differs from the closely-related class A GPCRs. Several key
motifs conserved within the class A GPCRs are absent in the Tas2rs. The D/ERY motif
in TM3, the CWxP motif in TM6 and the NPxxY motif in TM7 do not appear in the
Tas2rs. The D/ERY motif plays a role in many, but not all, class A GPCRs in
maintaining an inactive state by interacting with residues on TM6, and is referred to
as the “ionic lock” (Rasmussen et al., 2007; Schneider et al., 2010). The CWxP motif is
involved in switching between inactive and active states (Bhattacharya et al., 2008;
Nygaard et al., 2009). The NPxxY motif constrains TM7 with TM1 and TM2 in the
inactive conformation (Hofmann et al., 2009). It appears that the Tas2rs may have
activation mechanisms that differ to those of the other GPCR superfamily classes. A
conserved LxxSL motif, which serves to stabilise the helical conformation of the
cytoplasmic end of TM5, has been shown to be involved (Singh et al., 2011), as has
the third intracellular loop, particularly at the conserved His214 position which
seems to be involved in the adoption of the inactive state (Pydi et al., 2014). A
comparison of class A GPCR conserved motifs and their counterparts in hTAS2Rs is

shown in Table 1.1.
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Table 1.1: A comparison of conserved motifs in class A GPCRs and their
counterparts in hTAS2Rs reproduced from Di Pizio et al. (2016)

Residue numbering according to the Ballesteros-Weinstein numbering method
(Ballesteros et al., 1995), where the first number denotes the transmembrane
helicies (1-7) and the second number is relative to the most conserved residue in
that helix, which is arbitrarily numbered as 50.

Location | Class A GPCRs TAS2Rs

TM1 Nl.SOxxvl.53 Nl.SOxx|1.53

TMZ L2.46xxxD2.50 L2.46xxxR2.50

TM3 D(E)3.49R3.50Y3.51 F3.49Y3.50xxK3.53

™4 w450 Position 4.50 is not
conserved

TM5 pS-50 ps->0

T™6 F&44xxx W68y p6-50 Fo4xxxY®*8 Position 6.50 is
not conserved

TM7 N7.49P7.50xxY7.53 H7.4957.SOXXL7.53

Alignment of TAS2Rs and non-olfactory GPCRs can influence the result of analysis
relevant for the identification of conserved regulatory motifs. A further study by
Topin et al. (2020) used 339 class Il human olfactory receptors and manual curation
of the alignment to identify conserved regions in human TAS2Rs, and non-olfactory
GPCRs. Similar conserved regions were identified, although residues classed as

conserved and residue numbering differed slightly (Figure 1.1).
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Figure 1.1: TAS2R and class A GPCR conserved motifs labelled on each
transmembrane helix reproduced from Topin et al. (2020)
Functional regions in the class A GPCRs are highlighted in red.

Some Tas2rs may possess extracellular regions which serve to mediate access of
ligands to the binding pocket (Brockhoff et al., 2010; Sandal et al., 2015). Such
secondary or “vestibular” sites could be particularly relevant for broadly tuned
receptors that recognise ligands from a variety of different chemical classes. The
mechanism may provide a pre-screening authentication step, which allows ligand
selection from a broader array of chemicals (Suku et al., 2017). Similar mechanisms
have also been described for other GPCRs. For example, molecular dynamics
simulations of the binding of both antagonists and an agonist to the 1 and B2-
adrenergic receptors showed the involvement of a vestibular site on the extracellular
surface of the receptors (Dror et al., 2011). This was also shown to be involved with

the selectivity of norepinephrine for the B1-adrenergic receptor (Xu et al., 2020).

The Tas2rs share many of the same signalling mechanisms as the receptors for sweet
and umami stimuli, the Tas1rs. Although Tas1rs are class C GPCRs with a large
extracellular domain, both Tas1rs and Tas2rs utilise the same heterotrimeric G
protein complex as the starting point in their transduction mechanism, consisting of
Gagust (McLaughlin et al., 1992), Gg1 or Ggs (Huang et al., 1999; Rossler, 2000) and Gy13

(Huang et al., 1999) subunits. There is evidence that other G4 subunits may be
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involved, as knockout of Gagust in mice does not completely abolish responses to
sweet, umami and bitter stimuli (Wong et al., 1996; Ruiz et al., 2003). In contrast the
elimination of Trpm5 or PlcB2 in mice does abolish responses to bitter, sweet and

umami stimuli (Zhang et al., 2003).

In the inactive state the G subunit is bound to guanosine diphosphate (GDP).
Receptor activation leads to GDP exchange with guanosine triphosphate (GTP) and
dissociation of the heterotrimeric G protein from the receptor and the a-subunit of

the G protein from the By heterodimer (Figure 1.2).
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Figure 1.2: Transduction mechanism of Tas2rs

Bitter compounds stimulate Tas2rs on the apical membrane. Gggust activates PDE. A
proposed role of Gagust is shown where conversion of cAMP to 5’AMP reduces
activation of PKA, which phosphorylates both type 3 IP3 receptor (IPsR) and PLCB..
This allows more robust Ca?* release (Kinnamon, 2016). Ggsy13 activates PLCB> which
cleaves phosphatidylinositol 4, 5-bisphosphate (PIP;) into diacylglycerol (DAG) and
IPs. IP3 binds to its receptor on the endoplasmic reticulum (ER) causing calcium
release, which activates transient receptor potential cation channel subfamily M
member 5 (TRPMS5). The resulting sodium influx activates voltage gated sodium
channels (VGNC) and strong depolarisation of the membrane activates the voltage-
gated adenosine triphosphate (ATP) release channel calcium homeostasis modulator
1 (CALHM1). ATP activates the purinergic receptors P2X2 and P2X3 on the afferent
nerves (not shown). Figure adapted from Clapp et al. (2001) and Kinnamon (2016).

The Ggy heterodimer activates PLCB, (Rossler et al., 1998) which cleaves PIP; into IP3
and DAG. IP; activates IP3R3 on the ER (Clapp et al., 2001; Miyoshi, 2001) and Ca?* is
released from the cell stores in the ER. This leads to the activation of TRPM5 (Perez
et al., 2002) which causes an influx of Na*, cell depolarisation, the generation of
action potentials and the release of ATP via CALHM1 (Taruno et al., 2013). The Gq
subunit Gagust also plays a role in bitter taste receptor signalling, activating PDEs to

decrease intracellular cAMP levels (Yan et al., 2001).
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1.7. Molecular receptive ranges of Tas2rs

It has been estimated that there are many thousands of bitter-tasting molecules
arising from plants and other sources. A current database of compounds activating
human bitter receptors contains nearly 1,000 known bitter compounds, although in
many cases the cognate human receptor is not known (Wiener et al., 2012; Dagan-
Wiener et al., 2018). Also, bitter compounds can come from structurally-diverse
chemical groups, including peptides, fatty acids, amino acids, esters, flavonoids and
many others (Belitz et al., 1985; Brockhoff et al., 2007; Kohl et al., 2013; Soares et
al., 2013). This variety in the potential source of bitter taste has resulted in the

development of a repertoire of bitter taste receptors in most mammals.

The range of bitter compounds that can be detected by any mammal depends on
two main variables. Firstly, the number of different bitter receptors the animal
possesses as part of its taste mechanism, and secondly, the tuning breadth of these
receptors, which can vary widely. Humans are currently thought to have 25 bitter
taste receptors, of which all but 4 have been de-orphanised. The mouse has ~35

bitter receptors, of which 21 have been de-orphanised (Lossow et al., 2016).

The tuning breadth of the receptors is determined with screening studies using
libraries of compounds known to have a bitter taste in humans, and receptor
expression in heterologous cell systems. This does bias the compound libraries for
studies in any species other than human, as the compound selection is based on
what activates human receptors and may not be optimal for determining the tuning
breadth of receptors from other species. In humans three TAS2R receptors are
thought of as broadly-tuned (TAS2R10, 14 and 46) (Behrens et al., 2014). Some are
thought of as narrowly-tuned (TAS2R3 and 5), while others have an intermediate
breadth of tuning (TAS2R1, 4, 7, 30(47), 31(44), 39, 40, and 43) or are thought to be
specific for certain classes of compounds (TAS2R16 and 38) (Meyerhof et al., 2010).
For the remaining receptors less data are available, but they can be classified based
on the number of known ligands they have in the online resource BitterDB (Wiener

et al., 2012; Dagan-Wiener et al., 2018) with TAS2RS8, 9, 13, 20(49), 41, and 50 all
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having between 1-3 known ligands and therefore being thought of as narrowly-
tuned or at the lower end of the intermediately-tuned group. Four human receptors
remain as orphans (TAS2R19, 42, 45, and 60). In the mouse 21 bitter taste receptors
have been de-orphanised. Of these 4 (Tas2r105, 121, 135 and 144) are broadly-
tuned, 10 (Tas2r108, 109, 110, 114, 117, 119, 123, 126, 137 and 140) are
intermediate in their tuning breadth and 7 (Tas2r113, 115, 120, 122, 125, 138 and

139) are narrowly-tuned (Lossow et al., 2016).

Tuning of receptors from other species has only been studied in a few cases.
Chickens (Gallus gallus) and turkeys (Meleagris gallopavo) were found to have very
small Tas2r repertoires with three and two functional receptors, respectively
(Behrens et al., 2014). However, all receptors in these two cases were broadly-tuned.
The zebra finch (Taeniopygia guttata) and the western clawed tree frog were also
included in this study. Three of the seven Tas2rs from the zebra finch were tested
along with 6 of the 54 Tas2rs from the western clawed tree frog. The three zebra
finch receptors were homologous to one chicken receptor Tas2rl, and it was shown
that their combined tuning breadth was similar to that of the single Tas2rl receptor
in the chicken. This suggests that having more receptors that have been created by
gene duplication events does not necessarily lead to a wider sensitivity to more

compounds, but does allow the development of more specialised receptors.

In some other species, some limited functional characterisation has been performed.
The Tas2r repertoire of the domestic cat (Felis catus) has been partially characterised
(Lei et al., 2015; Sandau et al., 2015), as has that of some non-human primates (Imai

et al., 2012; Tsutsui et al., 2016). No studies of Tas2r characterisation and tuning

currently exist for the dog. Chapter 2 investigates the receptive ranges of dog Tas2rs.

1.8. Tas2r expression

Gustatory papillae contain bundles of specialised cells, referred to as taste buds. The
expression of Tas2rs in the oral cavity is predominantly found in the taste buds of the
circumvallate papillae, although expression is also found in the foliate, and more
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occasionally in the fungiform papillae (Adler et al., 2000; Matsunami et al., 2000).
Notably, all 25 human TAS2Rs have been shown to be expressed in gustatory
papillae, indicating they all play a role in gustation despite their expression in other
areas of the body (Behrens et al., 2007). Some species differences in expression have
been observed previously. Expression in the circumvallate papillae of rats was found
to be largely homogeneous (Adler et al., 2000), while that found in humans was
more heterogeneous, with no more that 4-11 TAS2Rs expressed in any given taste
receptor cell (Behrens et al., 2007). No published data for expression of dog Tas2rs

exists. Chapter 3 explores the expression of Tas2rs in dog fungiform papillae.

Tas2rs are also known to be expressed in other areas of the body, particularly in the
airway and the gut. In the airway both the upper (Chen et al., 2019), and lower
(Liggett, 2013; Kim et al., 2017) respiratory tract are sites of Tas2r expression. In the
upper airway cilliated sinonasal airway epithelial cells express Tas2rs, and in
particular TAS2R38 has been associated with patient sensitivity to respiratory
infection (Lee et al., 2012). In the lower airway expression of Tas2rs in smooth
muscle cells plays a role in bronchodilation, a discovery that has led to research on
the use of Tas2r agonists as a potential new class of bronchodilators (Nayak et al.,
2019). In the gut the role of Tas2rs is not as clear. Effects like delayed gastric
emptying (Glendinning et al., 2008), modulation of food intake (Janssen et al., 2011)
and anion secretion (Kaji et al., 2009; Yang et al., 2014) have been associated with
intragastric infusion of Tas2r agonists. These effects may serve to protect the animal
against the ingestion of toxic compounds, by retaining them in the stomach for
longer or by washing them through the intestine. Effects on glucose homeostasis
have also been reported (Dotson et al., 2008), which is in line with Tas2r mediated
secretion of glucagon-like peptide 1 (GLP-1) and cholecystokinin (CCK) from
enteroendocrine cells in response to Tas2r agonists (Jeon et al., 2011; Kim et al.,

2014).

1.9. Tas2r variation

39



Domestication and selective breeding may have resulted in phenotypic diversity in
dogs’ feeding behaviours and sense of taste. Good evidence to support these
suggestions is lacking, but it is not inconceivable that some diversity in the sense of
taste may exist between dog breeds. This is particularly true in the multi-gene bitter
receptor family, which is known to provide variation in bitter taste sensitivity in
humans. Such variation may have originated as a protective measure, so that
individuals might show different responses to novel, and potentially dangerous
foodstuffs. It may also be related to unknown benefits of some of the variations
related to non-taste roles of some TAS2Rs. For example, the taster/non-taster
haplotype of TAS2R38 (Bufe et al., 2005) influences taste sensitivity to the thiourea
compounds 6-n-propylthiouracil (PROP) and phenylthiocarbamide (PTC), as well as
other structurally related compounds that occur in foods, like goitrin (Wooding et al.,
2010). It has also been shown to be linked to the incidence of upper airway infection
(Lee et al., 2012). While this shows a benefit for those haplotypes associated with
PROP/PTC sensitivity, it does not explain the continued existence of the less
protective, non-taster haplotype. It may be that these haplotypes offer some, as yet

undiscovered, advantage relating to other functions of TAS2R38.

In cases where a bitter compound activates a number of TAS2Rs, variation in the
different receptors can interact with the overall haplotype, determining the level of
perceived bitterness (Roudnitzky et al., 2015). Cases where variation in different
receptors for the same compound are all in the direction of increased sensitivity is
strongly associated with phenotype. Where variations have opposing effects,
genotype-phenotype associations are much weaker. Variation in the Tas2rs of the

dog is explored in Chapter 4.

1.10. Tas2rs in dogs

The perception of bitter taste is widely distributed in many different species. From
protozoa to primates aversion to bitter stimuli is common. In some cases, quinine for
example, particular compounds are commonly avoided across a wide variety of
different species (Garcia et al., 1975). The number of Tas2rs in dogs has been
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assessed several times using the available dog genome sequence at the time, and
known Tas2r sequences from other species. The earliest example (Go et al., 2006)
used the known human (25) and mouse (35) intact Tas2r protein sequences and
tblastn searches to look for genes in the dog and other species. A similar approach
was taken in another study (Dong et al., 2009). In both these studies, the number of
intact Tas2r genes for dogs was considered to be 15. In another study (Hu et al.,
2013), the most recent assembly of the canine genome (CanFam3.1) was used, but
only human TAS2R sequences were used for searches. Despite this 16 intact genes

were reported. The most recent study (Shang et al., 2017) reported 15 intact genes.

As part of this project a similar analysis was conducted to confirm the sequence of all
putatively functional dog Tas2rs. Nucleotide and protein sequences for human and

mouse Tas2rs were retrieved from Ensembl (www.ensembl.org) and used to perform

blastn and tblastn searches on the dog genome (CanFam 3.1), respectively. Matching
sequences were checked for an E value less than 1e™ and an open reading frame of
>800bp. Sequences were then used as queries for searches against the non-
redundant database, and were discarded if the closest match was not a Tas2r. A
summary of the reported dog Tas2rs is given in Table 1.2. This analysis revealed 16
putatively functional dog Tas2r genes, which is in agreement with other studies that

identified either 15 or 16 putatively-functional receptor genes in dogs.
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Table 1.2: Previously reported Tas2rs in the dog and those identified in this study

Alternative or previous gene numbering shown in brackets, (suffix p = pseudogene).

Goetal. (2006) | Dongetal. Hu et al. Shang et al. This study
(2009) (2013) (2017) (2017)

Tas2r1 Tas2r1 Tas2r1 Tas2r1 Tas2rl

Tas2r2 Tas2r2 Tas2r2 Tas2r2 Tas2r2

Tas2r3 Tas2r3 Tas2r3 Tas2r3 Tas2r3

Tas2r4 Tas2r4 (16) Tas2rdp Tas2rd4

Tas2r5 Tas2r5 Tas2r5 Tas2r5 Tas2r5

Tas2r7 Tas2r7 Tas2r7 Tas2r7 Tas2r7

- - - Tas2r7 like 1p

- - - Tas2r7 like 2p

Tas2r8p - - Tas2r8p Tas2r8p

Tas2r9p Tas2r9 Tas2r9 Tas2r9p Tas2r9p

Tas2r10 Tas2ri0 Tas2ri0 Tas2r10 Tas2r10

Tas2r12 Tas2r12 Tas2r12 (4) Tas2r12 Tas2r12

- - - Tas2r19p

Tas2r31p (44) - - Tas2r31p (44) | Tas2r31p

(44)

- - - Tas2r34

Tas2r38 Tas2r38 (8) Tas2r38 Tas2r38

Tas2r39 Tas2r39 Tas2r39(11) Tas2r39 Tas2r39

Tas2r40 Tas2r40 Tas2r40 (12) Tas2r40 Tas2r40

Tas2r41 Tas2r41 Tas2r41 (13) Tas2r41 Tas2r41

Tas2r42 (55) Tas2r42 (55) Tas2r42 (15) Tas2r42 Tas2r42

Tas2r43 Tas2r43 Tas2r43 (14) Tas2r43 Tas2r43

Tas2r62p Tas2r62 - Tas2r62p Tas2r62

Tas2r67 Tas2r67 Tas2r67 (6) Tas2r67 Tas2r67

Totals (pseudogenes)

15 (4) 15 (0) 16 (0) 15 (8) 16 (3)
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To obtain the most relevant sequence for each gene to be synthesised, variation
data from a database of dog whole genomes (The Dog Biomedical Variant Database
Consortium or DBVDC) were checked in each instance. In cases where it was found
that the reference genome sequence contained an infrequent variant that was likely
to affect receptor function then the more common variant was used for gene

synthesis and sub-cloning.

In the course of this analysis it was found that dTas2r4 was not a pseudogene
despite the reference sequence showing a premature STOP codon at position 88 of
the amino acid sequence. In all dogs in the DBVDC database, a cysteine residue was
present at this position, giving a full length open reading frame (ORF) for this gene.
Cloning and expression of the full receptor sequence showed that it was functional

for some known ligands of the human TAS2R4 receptor (Chapter 2).

The gene sequence for dTas2r9 was found to be shorter that it’s human orthologue.
An earlier STOP codon at amino acid position 281 and a deletion of one amino acid
residue at position 153 render the dog sequence 32 amino acids shorter than the
human TAS2R9 protein sequence. This would relate to the loss of the C-terminal
region and part of the seventh transmembrane helix based on a comparison with the
human receptor. This may render the receptor non-functional, and it was designated

as a pseudogene here, as is the case for most other studies (Table 1.2).

In the most recent study available (Shang et al., 2017), dTas2r62 is listed as a
pseudogene, while an entry is made for dTas2r34, a dog gene which was also
identified in another publication (Li et al., 2014). Both of the sequences given in the
most recent publication map to the same area on dog chromosome 16 when used as
queries in the BLASTN tool via the Ensembl portal. The sequence for dTas2r34 is
found in the dog reference genome at position 16: 6261540-6262445(-). The
sequence given for the dTas2r62 pseudogene only maps partially, with the largest
section of nucleotides, 18-897 from a total of 906, mapping to the coordinates
16:6261658-6262537(-), where 788 residues are from an overlapping region with the

coordinates for dTas2r34. As it was not clear what the rationale was for inclusion of
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this pseudogene sequence, or for naming this gene as dTas2r34, the more often

used dTas2r62 annotation was preferred.

Amino acid sequences were also aligned using CLC Sequence Viewer (Qiagen,
Germany) and used to generate a phylogenetic tree using the Neighbour Joining
method with the Jukes-Cantor protein distance measure and 1,000 bootstrap
repetitions. The tree was later reformatted with iTOL (Figure 1.3) (Letunic et al.,

2019).
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Figure 1.3: Phylogenetic tree of Tas2r amino acid sequences from three species
The tree was generated using the neighbour joining method with Jukes-Cantor
protein distance measure and 1,000 bootstrap repetitions.

Dog Tas2rs are largely orthologous to human TAS2Rs, based on a definition of
orthology where a phylogenetic clade that contains genes from two species and is
supported by a >80% bootstrap value can be described as orthologous (Niimura et
al., 2005). The organisation of Tas2rs in the dog genome is similar to that found in
humans. There are 2 main clusters of Tas2r genes on dog chromosomes 16 and 27,
which contain genes orthologous to those found on human chromosomes 7 and 12,
respectively. In humans, hTAS2R1 is found on chromosome 5, while in dogs dTas2r1

is found on chromosome 34. One difference in chromosomal arrangement between
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the two species appears for dTas2r2, which is found on dog chromosome 14,
whereas the human pseudogene is found on chromosome 7. Details of dog gene

coordinates and their chromosomal positions are given in Table 1.3.

Table 1.3: Dog Tas2r gene coordinates and the chromosomal locations of dog and
human genes (P = pseudogene)

Dog Gene Coordinates Human Gene (Chr)
dTas2r2 14:27345807-27346718 TAS2R2P (7)
dTas2r3 16:7435147-7436097 TAS2R3 (7)
dTas2r4 16:7424403-7425302 TAS2R4 (7)
dTas2r5 16:7406855-7407742 TAS2R5 (7)
dTas2r38 16:7224023-7225012 TAS2R38 (7)
dTas2r39 16:6465643-6466617 TAS2R39 (7)
dTas2r40 16:6439097-6440053 TAS2R40 (7)
dTas2r41 16:6230851-6231777 TAS2R41 (7)
dTas2r62 16:6261540-6262445 TAS2R62P (7)
dTas2r7 27:34898964-34899902 TAS2R7 (12)
dTas2r10 27:34876090-34877058 TAS2R10 (12)
dTas2r12 27:34855685-34856629 TAS2R12P (12)
dTas2r42 27:34739537-34740508 TAS2R42 (12)
dTas2r43 27:34792712-34793761 TAS2R43-50 (12)
dTas2r67 27:34748642-34749580 TAS2R67P (12)
dTas2r1 34:4537632-4538525 TAS2R1 (5)

While dogs show a reduced number (16) of putatively functional Tas2r genes when
compared to humans (25) or mice (35), the number is not so low as to imply that the
dog’s sense of bitter taste is poor in comparison to that of these other species. This
depends as much on the receptor breadth of tuning as it does on receptor
repertoire. Other terrestrial members of the Carnivora show similar numbers of
Tas2rs like the ferret (14), polar bear (15) and the giant panda (17), despite
differences in their dietary habits. The walrus and Weddell seal, also members of the
Carnivora, have only 4 and 5 Tas2rs, respectively, but they swallow their prey whole

which contributes to a loss of Tas2rs in some species (Liu et al., 2016).
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1.11. Aims of this thesis

A better understanding of the perception of bitter taste by the dog would be of value
to the pet food industry. It would enable more informed decisions to be made when
looking at potential raw materials for inclusion in a diet. It would also be of use to
companies involved with the development of pet repellents to reduce unwanted
behaviours such as pica and coprophagia (potentially through micro-encapsulation of
bitter deterrents), and to reduce the risk of ingestion of harmful substances such as

antifreeze and rodenticides.

In Chapter 2, the receptive ranges of dog Tas2rs were explored using a cell-based
model for Tas2r expression and screening. These data will help to explain species
differences in the perception of bitter compounds between dogs and humans. The
aim was to build an understanding of the overall sensitivity of dogs to bitter tastes,
and to predict how dogs might respond to different bitter substances in vivo. A
secondary aim was to allow the impact of naturally-occurring variations in the dog
Tas2rs to be assessed, and to allow investigation of the impact selective breeding

may have had on the taste sensitivity of different dog breeds.

While functionality in vitro indicates that Tas2r genes truly code for receptors that
are activated by substances likely to be perceived as bitter, confirmation of
expression in taste papillae further strengthens the case for their role in taste
perception. In Chapter 3, dog fungiform papillae were tested to confirm the
expression of Tas2rs. As a secondary aim, papillae were sampled across the anterior

portion of the tongue, in order to examine spatial expression differences.

Dogs are unique in nature due to the influence humans have exerted on them
through domestication and selective breeding. Numerous traits have become more
or less common in different dog breeds as a result. Chapter 4 aimed to investigate if
bitter taste perception may have been influenced by breeding, leading to differences
in receptor sensitivity between breeds. If such variation exists in the Tas2rs, it

suggests that breed-related differences in flavour perception could exist, which
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would be a novel finding and of significant interest to dog owners and the pet food

industry.
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Chapter 2. Screening of dog Tas2rs with a library of bitter compounds

2.1. Introduction

2.1.1. Bitter compound selection

Many different naturally-occurring and synthetic compounds have been found to
impart a bitter taste. Plants often produce bitter-tasting chemicals as a defence
mechanism to deter ingestion by animals. For example, the naturally-occurring
alkaloid strychnine is produced from the seeds of the Strychnos nux-vomica tree and
was first identified in 1818. It was believed to have a variety of benefits when
consumed as a tonic (Sandall, 1896), despite being poisonous. Modern drugs can
also be found to have a bitter taste, which causes issues with compliance for
prescribed medication. This is especially true in children where liquid formulations
are required as opposed to pill formulations, making the bitter taste much more
noticeable (Mennella et al., 2013). Many of these taste observations have been
compiled in the Merck Index (O’Neil, 2014), an encyclopaedia of chemicals published

by the Royal Society of Chemistry.

The Merck Index and other sources have guided the selection of known bitter-tasting
compounds for testing against heterologous cell models of human bitter receptors.
For other species, the selection of compounds for testing is largely driven by what is
known to taste bitter to humans and mice. An online repository for bitter taste

receptor information called BitterDB (http://bitterdb.agri.huji.ac.il) is available

(Wiener et al., 2012; Dagan-Wiener et al., 2018), and currently lists information for
all human, mouse, cat and chicken Tas2rs and their associated ligands where
available. Another major source of information not included in BitterDB is a patent
from the American tastant development company, Senomyx (Li et al., 2008). The

patent lists 85 compounds tested against 23 human TAS2Rs.

In this work, both BitterDB and the Senomyx patent were used to select a panel of
48 compounds known to activate human TAS2Rs. Firstly, a known ligand for each

human TAS2R that had a putative dog orthologue was selected where available.
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There is no ligand listed for hnTAS2R42 in either the BitterDB or the Senomyx patent.

This information is shown in Table 2.1, where all ligands used from both the BitterDB

and the Senomyx patent are listed against all human receptors having a dog

orthologue.

Table 2.1: Known ligands for human TAS2Rs having a 1:1 orthologue in the dog that
were used in this study

Human Selected known ligands in Selected known ligands Number
Receptor the library based on based on the Senomyx of
with 1:1 Dog | BitterDB (threshold patent application® Ligands
Orthologue concentration/ECsp in uM US20080038739A1 (test
where available) concentration in uM)
TAS2R1 Chloramphenicol (100%), Chloramphenicol (200), 16
Dextromethorphan (10%), Chloroquine (10000),
Diphenidol (100%), Methylprednisolone (50-
Parthenolide (100%), 100), 6-Nitrosaccharin
Sucralose*, Thiamine (300), Oleuropein (2500),
(1000%), Yohimbine (300!) | Omeprazole (250),
Oxybutynin chloride (100),
Oxyphenonium (HBr)
(2500), Prednisone (250-
500), Quinine-HCI (75)
TAS2R3 Chloroquine (101/1722) Chloroquine (10000) 1
TAS2R4 Camphor (300%), 4-Benzylpiperidine (250), | 19
Denatonium benzoate Chloroquine (10000),
(300%), Colchicine Doxepin (150),
(100'/1025%), Diphenidol Methylprednisolone (50-
(100%), Parthenolide (30%), | 100), Oleuropein (2500),
Quinine (10%), Sucralose?, Omeprazole (250),
Yohimbine (300%) Oxybutynin chloride (100),
Oxyphenonium (HBr)
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(2500), Pirenzepine
(2500), Quinine-HCI (75),
Strychnine (2500),
Trimethoprim (750)

TAS2R5 1,10-phenanthroline Dimethylbiguanide 4
(100%), Sucralose? (50000-100000),
Oleuropein (2500)
TAS2R7 Chloroquine?, Diphenidol Chloroquine (10000), 11
(10%), Papaverine (10%), Ethylpyrazine (20000),
Quinine (10%), Sucralose? Oxybutynin chloride (100),
Oxyphenonium (HBr)
(2500), Pirenzepine 2500),
Quinine-HCI (75),
Strychnine (2500),
Trimethoprim (750)
TAS2R10 a-Thujone (100%), Brucine Brucine (250), 4- 24

(100'), Camphor (300%),
Chloramphenicol(100?),
Chloroquine 10000%),
Cucurbitacin B (0.011),
Cycloheximide (100%),
Denatonium benzoate
(3'/120%),
Dextromethorphan (10%),
Diphenidol (30%), N-(3-
Oxooctanoyl)-L-
homoserine lactone?,
Papaverine (10%),
Parthenolide (30%), Quinine

(10%), Sucralose?,

Benzylpiperidine (250),
Chloramphenicol (200),
Chloroquine (10000),
Denatonium benzoate
(1000), Doxepin (150),
Ethylpyrazine (20000),
Methylprednisolone (50-
100), Oleuropein (2500),
Omeprazole (250),
Oxybutynin chloride (100)
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Strychnine (3/21.8%),
Yohimbine (300%)

TAS2R38 6-Nitrosaccharin (100°), Ethylpyrazine (20000), 9
Diphenidol (100%), Oxybutynin chloride (100),
Ethylpyrazine (300?), Trimethoprim (750)
Propylthiouracil (0.11%),
Phenylthiocarbamide
(0.041), Sinigrin (100%),
Yohimbine (300%)
TAS2R39 Acetaminophen (3000%), Acetaminophen (10000), 17
Chloramphenicol (1000%), Chloroquine (10000),
Chloroquine (100%), Denatonium benzoate
Colchicine (3000%), (1000), Oleuropein (2500),
Denatonium benzoate Omeprazole (250),
(100%), Diphenidol (100%), Oxybutynin chloride (100),
Flavone (8%), Quinine (10'), | Oxyphenonium (HBr)
Resveratrol (63°/1099), (2500), Pirenzepine
Sucralose?, Thiamine (2500), Strychnine (2500),
(1000%) Trimethoprim (750)
TAS2R40 Diphenidol (30%), Quinine Doxepin (150), 6
(10%) Oxybutynin Chloride
(100), Quinine-HCI (75),
Strychnine (2500),
Trimethoprim (750)
TAS2R41 Chloramphenicol (300- 6-Nitrosaccharin (300) 3
6007), Sucralose?
TAS2R42 None identified None identified 0
TAS2R43 Aloin (0.3%), Aristolochic Aloin (500), Aristolochic 11

acid (1100%),
Chloramphenicol (100%),

Denatonium benzoate

acid (20),
Chloramphenicol (200),
Chloroquine (10000),
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(300%), Diphenidol (30%), Denatonium benzoate
Quinine (10%) (1000), 6-Nitrosaccharin
(300), Oxybutynin chloride
(100), Oxyphenonium
(HBr) (2500), Strychnine
(2500)

YIn vitro cell-based calcium mobilisation assay (Meyerhof et al., 2010).

2 In vitro cell-based calcium mobilisation assay (Lossow et al., 2016).

3 In vitro preparation of cell membranes with receptor expression and purified G
subunits, measuring receptor catalysed GDP/GTP[S] exchange (Sainz et al., 2007).
4 In vitro cell-based calcium mobilisation assay (Grassin-Delyle et al., 2013).

> In vitro preparation of cell membranes with receptor expression and purified Gat,
measuring receptor catalysed GDP/GTP[S] exchange (Pronin et al., 2004).

® In vitro cell-based calcium mobilisation assay (Roland et al., 2013).

7 In vitro cell-based calcium mobilisation assay (Thalmann et al., 2013b).

8 In vitro cell-based calcium mobilisation assay (Li et al., 2008)

The second criterion for test compound selection was to select a range of
compounds to cover the potential ligand selectivity of dog orthologues for broadly-
tuned human TAS2Rs. The human receptors TAS2R10, 14 and 46 are considered to
be broadly-tuned (Behrens et al., 2014), but only TAS2R10 has an orthologue in the
dog. In total 24 compounds covering a range of structural pharmacophores were
selected for dTas2r10, so that breadth of tuning might be compared between
species in this case. Human TAS2R1, 4, 7, 39, 40 and 43, are considered to be
intermediate in their tuning breadth. Multiple compounds were selected for the
equivalent dog orthologues as detailed in Table 2.1. Human TAS2R3 and 5 are
considered to be narrowly-tuned and 1 and 4 compounds were selected for the

testing, respectively.

The compound library consists of approximately half naturally-occurring compounds

and half synthetic compounds. Many of the compounds are drugs with a reported
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bitter taste to humans. For example, the naturally-occurring compound quinine was
used as an anti-malarial drug, but was limited in its supply. The development of
synthetic alternatives like quinacrine and chloroquine greatly improved the
availability of treatment for malaria (Krafts et al., 2012). All three were included here
as they are all reported to be bitter-tasting and share structural similarity (Figure
2.1). The available data for quinine and chloroquine show overlapping activation
patterns of human TAS2Rs with both compounds active against hTAS2R3, 7, 10, 14,
and 39, and quinine also active against hTAS2R31, 40, 43 and 46 (Sainz et al., 2007,
Meyerhof et al., 2010). Quinacrine is listed as activating hTAS2R10 and 13 in the
Senomyx patent US20080038739A1 (Li et al., 2008).

Figure 2.1: Chemical structures of A) quinine, B) quinacrine and C) chloroquine
All three are reported to taste bitter to humans.

In order to find as many active compounds for dog Tas2rs in the most efficient way,
not all compound-receptor combinations were initially screened in a full
concentration-response experiment. Instead, all compound-receptor combinations
were tested in a pre-screen experiment where compounds were tested at the
highest soluble concentration, then at 1/10 and 1/100 dilutions. Anything identified
as a potential ligand from this screen was then tested in a full concentration—
response experiment in two phases. The initial phase of testing was performed with
a calcium mobilisation assay on the FlexStation instrument at the Waltham
laboratory (n=1). Any receptor-compound combinations still showing evidence of
specific activity were retested using the same assay setup and procedures, but with a
Hamamatsu FDSS/UCELL system at the IMAX Discovery laboratory where 3

independent experiments were performed (n=3).
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2.1.2. Identifying a heterologous expression system for Tas2rs.

Testing of Tas2rs in heterologous cell models has been performed for over 20 years.
Native taste receptor cells can be cultured in vitro (Kishi et al., 2001; Ozdener et al.,
2006), but may express multiple Tas2rs, which makes them less suitable for studies
of specific receptor-ligand interactions. The first example of a Tas2r heterologous cell
model used Tas2rs tagged with the first 39 amino acids of bovine rhodopsin at the N-
terminus. The rhodopsin tag increased localisation to the plasma membrane in all
the Tas2rs tested (Chandrashekar et al., 2000). Later work identified a signal
sequence consisting of the first 45 amino acids of the rat somatostatin type lll
receptor (rSstr3) (Ammon et al., 2002) which has also been successfully, and more
extensively, used for improving localisation of Tas2rs to the plasma membrane (Bufe

et al., 2002; Meyerhof et al., 2010; Lossow et al., 2016).

The expression of Tas2rs in the oral cavity has been shown to be exclusively
associated with taste cells expressing the Gqgust subunit, a member of the G/, family
(Adler et al., 2000) and to couple efficiently with Gegust, in vitro (Chandrashekar et al.,
2000). Gustducin was discovered in 1992 (McLaughlin et al., 1992) and was first
thought to be exclusively-expressed in taste papillag, but is now known to be
expressed in the gastrointestinal (Gl) tract as well (Hass et al., 2007; Jang et al.,
2007). However, gustducin may not be the only G protein mediating Tas2r function.
Mice lacking Gagust show suppressed, but not completely abolished sensitivity to
bitter compounds (Wong et al., 1996). Caicedo et al. (2003) showed that Gqi» was
also present in most bitter sensitive cells. Additionally, TAS2Rs in human airway
smooth muscle have been shown to signal through Gai1, Gai2 and Ggis, while Gegust is

only expressed at trace levels in this tissue (Kim et al., 2017).

The Gggust subunit itself is not attractive for heterologous cell models. It does not
couple readily with the By subunits that are endogenously-expressed in the HEK cell
line (Slack et al., 2005), whereas the promiscuous Ggq class Gq subunit Gq16 does

(Offermanns et al., 1995). Ga1s also couples Tas2r activation in HEK cells to calcium
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release by interacting directly with PLCB and increasing production of IP; and DAG.
However, Gqis failed to couple effectively with Tas2rs (Ueda et al., 2003). A series of
Gaie/gust chimeras were tested where different sections of the C-terminal of Gagust
were joined with the N-terminal of Gq16. The C-terminal of the G4 subunit is known to
be essential to GPCR-G protein interactions (Conklin et al., 1993; Semack et al.,
2016). Of the tested Gais/gust chimeras, two (Gai6/gust37 and Gaie/gustas) Showed
effective coupling for a mouse and human Tas2r, indicating that, using the crystal
structure of related transducin (Gat1) as a basis, at least a 6 sheet, an a5 helix, and
the extreme C-terminus of Gugust, are required for effective coupling (Ueda et al.,
2003). It was also shown that Gaie/i2-22 and Gais/t2-2a chimeras were equally effective
at coupling with Tas2rs which was not surprising given their near identical C-terminal
regions when compared to Gogust (Figure 2.2). However, the Gaie/gustaa chimera was
patented before being publicly disclosed (Slack et al., 2005) and was not available at
the start of this study. Therefore, an alternative commercially-available cell line was
used (IMAX Discovery GmbH, Dortmund, Germany). This cell line stably expresses a
Gai6/gust/o Chimeric G-protein which, when tested with a limited number of human
TAS2Rs and ligands, gave equivalent data to that published for the Gai6/gustas
chimera. The last 44 amino acids of the chimera consist of Gogust1-6, Gao7-38 and
Gogust3o-a4. The Gqo Sequence is specific to GNAO1 isoform 1 in human, not the
differently-spliced isoform 2. Sequence differences between the two chimeras are

shown in Figures 2.2 and 2.3.
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Figure 2.2: Alignment of the C-termini for the Gasubunits GNAT3 (Gggust), GNAT2
(Gat), GNAI2 and GNAO1
The 31 amino acid section of GNAO1 used in the Gais/gust/o chimera is highlighted.
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Figure 2.3: Alignment of the G protein chimera sequences for Gai6/gustas and

Galﬁ/gust/o

The Gaie/gust/o chimera contains the Gai6 naturally-occurring variant rs310680 at
position 147. Other differences are within the Gqo7-33 sequence within the last 44
amino acid section.

Data provided by IMAX Discovery showed equivalent threshold sensitivity levels
when compared to published data for Gai6/gustas for the new chimera, with both

hTAS2R10 with denatonium benzoate and hTAS2R14 with aristolochic acid.

2.1.3. Alternative heterologous expression systems for Tas2rs.
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GPCR-G protein selectivity is determined by interactions between the intracellular
side of the GPCR and the Ga, and to a lesser extent the G, G protein subunits (Flock
et al., 2017; Garcia-Nafria et al., 2019), but many other factors can exert an influence
on this selectivity. In order to ascertain the impact of the novel G protein chimera
used here, comparative work with the widely used Gai6/5ustas chimera was desirable.
Permission was sought to use the Gaie/gustas cell line from the patent holder Givaudan
Inc., and was granted, with a cell line stably expressing Gai6/gustas being obtained. A
limited programme of testing was performed using all compounds with dog and
human Tas2r1 so that these responses could be compared between the two chimera

expressing cell lines.

2.2. Aims of this Chapter

This Chapter aimed to identify as many compounds as possible with agonist activity
against any of the dog Tas2rs. Compounds were selected based on known ligands for
orthologous human receptors. Dog Tas2rs were expressed in a heterologous cell-
based assay which utilised an N-terminal rSstr3 tag to facilitate correct localisation of
Tas2rs to the plasma membrane. Two chimeric a G-protein subunits were tested and
used to provide effective coupling from dog Tas2rs to an easily-measured signalling
endpoint (calcium mobilisation), and retain the ability to interact with the
endogenous By G-protein subunits expressed in the HEK cell line. Compounds were
tested at three concentrations to provide an indication of potency and a shortlist for

testing in a full concentration-response experiment.

2.3. Materials and methods

2.3.1. General molecular biology techniques

2.3.1.1. Polymerase chain reaction

Where polymerase chain reaction (PCR) was conducted, primers were designed
using Primer-BLAST (Ye et al., 2012) and synthesised by Eurofins (Ebersberg,

Germany). Primers were typically used at a working concentration of 10uM with
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0.5uL added per 25uL PCR to give a final concentration of 0.2uM. JumpStart™ Tag
ReadyMix (Sigma-Aldrich, UK) was used for all general PCRs. This master mix
contains an antibody which inactivates the Tag polymerase enzyme until a
temperature above 70°C is reached, at which point the enzyme/antibody complex
dissociates and full activity is restored. Such antibodies allow reactions to be
prepared at room temperature and reduce or eliminate the formation of non-
specific products and primer-dimers (Sharkey et al., 1994). All reactions were
prepared in 0.2mL thin-walled tubes. Thermal cycling was performed on a PCRmax
AC-4 instrument (PCRmax, UK). Cycling parameters were set according to the
manufacturer’s recommendations for the master mix. An initial denaturation step of
94°C for two minutes was performed before a maximum of 35 cycles of amplification
(Figure 2.4). Annealing temperatures of 1-2°C below the primer melting
temperatures (Tm) were typically used. A final elongation step of 72°C for five
minutes was performed to allow full extension of any incomplete products.
Following completion of the thermal cycling, reactions were held at 4°C until they

were collected and stored at -20°C.
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Figure 2.4: Polymerase chain reaction (PCR) amplifies specific double stranded DNA fragments. PCR starts with denaturation of the
template DNA. Annealing of oligonucleotide primers follows as the temperature is reduced. Taq polymerase then extends the primers
ina 5’ to 3’ direction during the elongation step. Further cycles of the same process cause a doubling of the number of template
molecules at each cycle.
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2.3.1.2. Gel electrophoresis

In order to check for the presence of PCR products of the correct size, and to
separate DNA fragments from restriction digests for cloning, agarose gel
electrophoresis was performed. Agarose gel electrophoresis uses an electric current
passed through a porous agarose gel matrix to separate DNA fragments based on
their size. Negatively charged DNA molecules migrate through the gel towards the
positive electrode at different rates depending on their length. Here, 1% agarose gel
was used routinely. Agarose (Thermo Fisher Scientific, UK) was weighed into a
suitable flask and dissolved in buffer containing 40mM tris base, 20mM acetic acid
and 1mM ethylenediaminetetraacetic acid (EDTA) (1X TAE buffer) (Sigma Aldrich,
UK). The agarose was dissolved in the buffer by heating the mixture in a microwave
oven. Once fully dissolved, the solution was allowed to cool for a few minutes before
being poured into a gel frame with suitable gel combs inserted. The gel was allowed
to cool and set completely before being transferred to an electrophoresis tank and
submerged in 1X TAE buffer. Restriction digested DNA or PCR reaction products were
mixed with 6X loading dye (Thermo Fisher Scientific, UK) before being loaded into
the wells of the gel. A DNA size marker, 1kb Plus DNA Ladder (Thermo Fisher
Scientific, UK), was also mixed with loading dye and water, and loaded into the gel in
appropriate positions. Standard gels were 15cm x 15cm in size and 100V were
applied for a period of 1.5 hours, or until sufficient separation was achieved to
visualise individual fragments. Gels were then removed from the tray and post-
stained with GelRed (Biotium, USA) for 45 minutes on a rocking platform before

imaging with a UVP GelDoc-It system (Analytik Jena, Germany).

2.3.1.3. Gel extraction

In cases where recovery of a DNA fragment from a restriction digest was required for
ligation, the gel was not visualised on the UVP GelDoc-It system, but on a blue light
Safe Imager (Thermo Fisher Scientific, UK) to avoid exposure of laboratory personnel
to UV light. DNA bands of interest were excised with a clean scalpel and weighed

before DNA extraction with the QlAquick gel extraction kit (Qiagen, Germany). This
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kit uses a silica membrane for binding DNA under high chaotropic salt conditions,
and then eluting under low salt conditions. The gel slice was initially dissolved in 3
volumes of the high salt buffer at 50°C for 10 minutes. One volume of isopropanol
was added to improve recovery of DNA fragments <500bp and >4 kb. An ethanol
containing buffer was then used to wash the DNA before elution in a low salt buffer

suitable for storage of the DNA.

2.3.1.4. Restriction digestion and ligation

For general restriction cloning, SURE/Cut™ enzymes and buffers were purchased
from Roche (Roche, UK). Typically, sub-cloning of Tas2rs was performed with EcoRI
and Xhol, generating “sticky ends” for ease of ligation into the pcDNA5/FRT/TO
expression vector containing the rSstr3 tag. Ligation was performed with T4 DNA
Ligase (Thermo Fisher Scientific, UK). Restriction digestion was performed in thin-
walled 0.2ul tubes as 50l reactions. The required Roche buffer, in most cases
buffer H, was used. Reagent volumes varied depending on the volume of DNA used,
but generally 5uL of buffer H was used with 10 units of each enzyme, 10ug plasmid
DNA and nuclease-free water (Qiagen, Germany) to a final volume of 50uL. Reactions
were incubated at 37°C for 1 hour. Ligation was performed in 20uL reaction volumes
with a 3:1 insert to vector molar ratio and 0.5 units of ligase. Reactions were

incubated at room temperature for 1 hour.

2.3.1.5. Transformation

Transformation of plasmid DNA into E.coli was performed using One Shot TOP10
chemically-competent cells (Thermo Fisher Scientific, UK) using the standard heat
shock protocol as indicated by the manufacturer. Aliquots of competent cells were
thawed on ice before the addition of 5uL of ligation reaction or 10ng of plasmid
DNA. Cells were then incubated on ice for 30 minutes to allow the DNA to associate
with the cells. Cells were then heat-shocked at exactly 42°C for 30 seconds to allow
entry of the DNA into the cells. This was followed by a 2 minute incubation on ice

before the addition of 250uL of super-optimal broth with catabolite suppression
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(SOC) media pre-warmed to 37°C. Cells were plated onto LB agar (Sigma Aldrich, UK)
containing 100ug/mL ampicillin (Sigma Aldrich, UK) and incubated overnight at 37°C.
The next day a single colony was re-streaked onto another selective agar plate and
incubated overnight. The following day, a single colony was picked and used for

plasmid DNA preparation with two different methods, depending on the application.

2.3.1.6. Plasmid DNA preparation

Plasmid DNA preparation was conducted with either the NucleoSpin Plasmid Mini kit
(Machery Nagel, Germany) for small-scale preparations, or the Nucleobond Xtra Midi
Plus kit for transfection-grade plasmid DNA in larger quantities (Machery Nagel,

Germany).

For the NucleoSpin method, 5mL LB broth (Sigma Aldrich, UK) containing 50ug/mL
ampicillin was inoculated from a single colony of transformed E.coli. Cultures were
incubated overnight at 37°C with shaking at 225rpm. Cells were pelleted by
centrifugation for 2 minutes at 11,000g. Cells were resuspended in a buffer
containing RNase A to remove RNA. Cells were then lysed with a sodium dodecyl
sulphate (SDS)/alkaline lysis buffer. SDS lyses the cell membrane and removes
proteins from the plasmid DNA. The buffer also contains NaOH which denatures
chromosomal DNA. A neutralising buffer was added which causes proteins and
chromosomal DNA to precipitate, while plasmid DNA remains soluble. This buffer
also contains chaotropic salts to create the conditions required for the plasmid DNA
to bind to the silica column. The solution was then centrifuged for 5 minutes at
11,000g to pellet the precipitated debris. The supernatant was spun through the
silica column and then the column was washed with an 80% EtOH buffer before
being dried by centrifugation for 2 minutes at 11,000g. The plasmid DNA was then
eluted from the column with 50uL of 5mM Tris/HCI, pH 8.5.

The NucleoBond Xtra Midi Plus kit employs many of the same reagents as the

NucleoSpin Mini kit. A starter culture was prepared by inoculating 5mL of LB broth

(Sigma Aldrich, UK) containing 50ug/mL ampicillin (Sigma Aldrich, UK) with a single
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colony of transformed E.coli. This was incubated at 37°C with shaking at 225rpm for
8 hours before being used to inoculate 180mL of the same growth mediaina 1L
plastic Erlenmeyer flask with baffles and a vented lid (Corning, US). This larger
culture was incubated at 37°C with shaking at 225rpm for 17 hours overnight. The
next day a glycerol stock of the culture consisting of 500ul of culture and 500ul of
50% glycerol solution was prepared for long term storage at -80°C before the
plasmid DNA was extracted. The extended protocol for extraction was used as
provided by the manufacturer. Cultures were transferred to V-bottom 250mL
centrifuge tubes (Corning, US) and centrifuged at 5,000g for 10 minutes at 4°C. The
supernatant was discarded completely and the cell-pellet was re-suspended in buffer
containing RNase A. Cells were then lysed with SDS/alkaline buffer containing a blue
“LyseControl” agent. Addition of the neutralisation buffer and gentle inversion of the
tube causes precipitation of the protein and chromosomal DNA. The blue colour
disappears at this point and is designed to ensure proper mixing occurs. The binding
columns were equilibrated with an ethanol/KCl buffer before the whole mixture was
poured into the column filter and allowed to pass through the column under gravity.
The filter was then washed with the same ethanol/KCl buffer used to equilibrate the
column. The column filter was removed before washing the column with another
ethanol-containing buffer to remove any residual contaminants. DNA was eluted in a
low-salt buffer before the addition of isopropanol to precipitate the DNA. Next the
DNA was loaded into a syringe and passed through a NucleoBond “Finaliser”, which
desalts and concentrates the DNA. The “Finaliser” is an alternative method to
washing and drying of pelleted DNA. An ethanol wash was followed by drying of the
“Finaliser” by forcing air through it 8-10 times or until no further liquid was expelled
onto paper towel. DNA was eluted with 300uL 5mM Tris/HCI, pH 8.5. The eluate was
passed through the “Finaliser” twice before being quantified with a Nanodrop
spectrophotometer (Thermo Fisher, UK) and adjusted to 1ug/uL or as close to that
concentration as possible. An absorbance ratio (260:280nm) of ~1.8 indicated pure
DNA in all cases. Plasmid DNA was then aliquoted into 30uL volumes before being
stored at -20°C. A sample of the plasmid DNA was sent for re-sequencing using the
CMV forward primer and the BGH reverse primer. Results were checked to confirm

the correct sequence before using the plasmid.
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2.3.1.7. Sanger sequencing

Plasmid DNA for transfection, including that generated by site-directed mutagenesis
(SDM), was re-sequenced before use. Sanger Sequencing (Sanger et al., 1975; Sanger
et al., 1977) was carried-out using the Eurofins Mix2Seq service (Ebersberg,
Germany). Mix2Seq tubes were prepared with 15uL of plasmid DNA at a
concentration of 100ng/uL. Two microliters of the relevant sequencing primer (CMV

forward or BGH reverse primer) at a concentration of 10uM was added to the tube.

2.3.1.8. Transfection

Introduction of plasmid DNA into the recipient HEK cell line was achieved using
lipofection (Felgner et al., 1987) with Lipofectamine 2000 reagent (Thermo Fisher
Scientific, UK). Lipofection is achieved with cationic lipids which associate with
negatively-charged nucleic acids and form lipid-DNA complexes having an overall
positive charge. This allows the interaction of the complexes with the negatively-
charged cell membrane, and uptake of the DNA into the cells, mainly through
endocytosis (Chesnoy et al., 2000). Subsequently, the DNA enters the nucleus where

transcription can take place.

2.3.2. Cell lines

Upon receipt in the laboratory, cell lines were stored at around —=191°C in a dry liquid
nitrogen store (Custom Biogenic Systems, US). To resurrect the cells, one vial was
removed from the store and thawed immediately by swirling the cryovial ina 37°C
water bath, taking care not to submerge the tube more than halfway. The tube was
sterilised with a 70% EtOH spray before being transferred to a laminar flow cabinet.
The contents of the cryovial were quickly transferred to a 15mL polypropylene tube
(Corning, US) containing 10mL of DMEM High-glucose (41956, Thermo Fisher
Scientific, UK) with only 10% heat denatured FBS (16000, Thermo Fisher Scientific,
UK) and 1% of a stock solution containing 10,000 units/mL penicillin and
10000ug/mL streptomycin (Thermo Fisher Scientific, UK) added. The tube was

centrifuged slowly at 125 x g for 5 minutes. The supernatant was carefully removed
66



and the cells were re-suspended in 10mL fresh media before being plated into a T75
cell culture flask (Thermo Fisher Scientific, UK). All cell lines were tested for the

presence of mycoplasma using the MycoAlert™ test kit (Lonza, Switzerland).

The screening experiments were performed using HEK293 PeakRapid cells stably-
expressing Gais/gust/o Chimeric G protein and nat-Clytin, a calcium sensitive
photoprotein (Axxam SpA, Milan, Italy). The cell line was maintained in the same
medium as used for resurrection with the addition of 50ug/ml G418, 25ug/ml
Hygromycin and 2.5pg/ml Blasticidin (Thermo Fisher Scientific, UK). Standard
propagation conditions consisted of seeding 1.5 - 1.8x10° cells in a T75 flask twice a
week, recovering about 10-15x108 cells at about 70% confluence. Larger T225 flasks
were used when more cells were required for screening experiments. Some
experiments were conducted using the Gaie/gustas €xpressing cell line and in these
cases the culture media used consisted of the same DMEM high-glucose base with
10% heat denatured FBS, 1% Glutamax (35050-061, Thermo Fisher Scientific, UK), 1%

of the same penicillin/streptomycin solution and 40ug/ml of G418 added.

2.3.3. Compound sourcing and preparation

Compounds were sourced from Sigma-Aldrich (Gillingham, UK) where possible. The
exceptions were 6-nitrosaccharin from CarboSynth (Compton, UK) and diphenidol
from Tokyo Chemical Industry (Oxford, UK). Compound details including supplier and

product numbers are given in Appendix 2.1.

When testing compound-receptor combinations in a cell-based assay system there
are two factors that often limit the concentration which may be tested, the solubility
of the compound and the occurrence of responses that are not receptor-specific in
the cells. Compounds were prepared in assay buffer, also referred to as Tyrode’s
buffer, which comprised 1mM magnesium chloride, 130mM sodium chloride, 5mM
potassium chloride, 2mM calcium chloride, 5mM sodium bicarbonate and 20mM 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) with pH adjusted to 7.4
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with 10M sodium hydroxide (Sigma-Aldrich, UK). To improve compound solubility,
additional solvents are sometimes used with the most common choice being
dimethyl sulfoxide (DMSO). However, DMSO itself can cause non-specific responses
in the cells, so the sensitivity of the cell line to DMSO must first be established. The
Gaie/gust/o Cell line was tested for DMSO sensitivity and was found to tolerate a
concentration of 1% DMSO without any response being recorded in the assay used

here.

It is not guaranteed that using DMSO will improve solubility as compounds often
precipitate when diluted at the appropriate concentration in assay buffer after being
pre-dissolved at a higher concentration in DMSO. Based on the idea that it was only
worth using DMSO if it improved solubility, all compounds were initially tested with
DMSO to see if any significant improvement in solubility was seen by visual
inspection. Final preparation details are shown in Table 2.2. If a compound was pre-
dissolved in DMSO, assay buffer was supplemented with the same final
concentration of DMSO so that all tests were representative, even when a vehicle

only control was used.

Table 2.2: Preparation details for all compounds used in this study

Compound | Compound Solvent Max
ID (or2X)
Solubility
atRT
C1 1, 10-Phenanthroline Tyrode's buffer 20mM
C2 4-Benzylpiperidine Tyrode's buffer 20mM
Cc3 6-Nitrosaccharin Tyrode's buffer 20mM
ca Acetaminophen Tyrode's buffer 100mM
C5 6a-Methylprednisolone Tyrode's buffer 1mM
Ccé6 Aloin Tyrode's buffer 1mM
Cc7 (-)-a-Thujone Tyrode's buffer 12.5mM
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Cc8 Aristolochic acid | Tyrode's buffer 6.25/1mM
Cc9 Brucine sulphate salt Tyrode's buffer 25mM
hydrate
ci10 (-)-Camphor Tyrode's buffer 25mM
C11 Chloramphenicol Tyrode's buffer 2.5mM
C12 Chlorhexidine Tyrode's buffer 0.1mM
C13 Chloroquine diphosphate | Tyrode's buffer 200mM
salt
Ci4 Colchicine Tyrode's buffer 200/20m
M
C15 Cucurbitacin B hydrate Pre-dissolve in DMSO at 1mM
1000mM, use buffer
+0.1% DMSO
Ci6 Cycloheximide Tyrode's buffer 50mM
C17 Denatonium benzoate Tyrode's buffer 100mM
C18 Dextromethorphan Tyrode's buffer 50mM
hydrobromide
monohydrate
C19 1,1-Dimethylbiguanide Tyrode's buffer 200mM
hydrochloride
C20 1,1-Diphenyl-4-piperidino- | Tyrode's buffer 6mM
1-butanol hydrochloride
(Diphenidol)
Cc21 Doxepin hydrochloride Tyrode's buffer 200mM
C22 Ethylpyrazine Tyrode's buffer 200mM
Cc23 Flavone Tyrode's buffer 0.4mM
C24 N-(3-Oxooctanoyl)-L- Tyrode's buffer 10mM
homoserine lactone
C25 Aurintricarboxylic acid Tyrode's buffer 5mM
C26 L-Menthol Tyrode's buffer 3.125mM
C27 Ofloxacin Tyrode's buffer 12.5mM
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C28 Oleuropein Tyrode's buffer 100mM
C29 Omeprazole Tyrode's buffer 1mM
C30 Oxybutynin chloride Make 200mM DMSO 200uM
stock then dilute in buffer
+0.1% DMSO
C31 Oxyphenonium bromide Tyrode's buffer 200mM
C32 Papaverine hydrochloride | Tyrode's buffer 10mM
C33 Parthenolide Tyrode's buffer 400uM
C34 Picrotoxin Tyrode's buffer 1ImM
C35 Pirenzepine Tyrode's buffer 50mM
dihydrochloride
C36 Prednisone Tyrode's buffer 1ImM
C37 6-Propyl-2-thiouracil Pre-dissolve in DMSO at 5mM
(PROP) 2000mM, use buffer
+0.23%
C38 N-Phenylthiourea (PTC) Pre-dissolve in DMSO at 5mM
2000mM, use buffer
+0.23%
C39 Quinacrine Tyrode's buffer 25mM
dihydrochloride
C40 Quinine hydrochloride Tyrode's buffer 12.5mM
dihydrate
c41 Resveratrol Tyrode's buffer 1.5mM
Cc42 Sucralose Tyrode's buffer 200mM
C43 D-(-)-Salicin Tyrode's buffer 100mM
C44 Sinigrin hydrate Tyrode's buffer 100mM
C45 Strychnine hydrochloride | Tyrode's buffer 6mM
C46 Thiamine hydrochloride Tyrode's buffer 200mM
c4a7 Trimethoprim Pre-dissolve in DMSO at 100uM

100mM, use buffer +0.1%
DMSO
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C48

Yohimbine

Pre-dissolve in DMSO at
100mM, use buffer +0.6%
DMSO

600uM

2.3.4. Expression vector

Dog and human Tas2r gene sequences were sub-cloned into the pcDNA5/FRT/TO

expression vector (Figure 2.5) downstream of the rSstr3 tag. An EcoRI sequence at

the start of the Tas2r sequence and an Xhol sequence at the end facilitated easy

cloning of multiple Tas2r sequences into the vector. Both EcoRI and Xhol are

compatible with the same buffer for restriction digestion (Buffer H, Sigma-Aldrich,

UK). Tas2r sequences were synthesised by Eurofins (Eurofins Genomics, Ebersberg,

Germany) according to the sequences identified in Chapter 1.
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Figure 2.5: A plasmid map of the expression construct pcDNA5 FRT
TO/rSstr3/hTAS2R10

All Tas2rs were cloned into this vector. Abbreviations not previously defined:
Ampicillin Resistance (AmpR), Bovine Growth Hormone (bGH), Cytomegalovirus
(CMV), Flp Recombination Target (FRT), Hygromycin Resistance (HygR), Origin of
Replication (ori), Toposiomerase (TOPO), Tetracycline operator (tet operator).
Inducible expression controlled with the tet operator was not used in these
experiments.

2.3.5. Assay preparation and execution — Pre-screen

The calcium mobilisation assay was run over a two day period. On day one, culture
media without selection antibiotics (Dulbecco’s Modified Eagle’s Medium + 4.5g/L D-
Glucose + L-Glutamine - Pyruvate (DMEM), 10% Foetal Bovine Serum (FBS), 1%
Penicillin/Streptomycin) (Thermo Fisher Scientific, UK), transfection media (DMEM)
and trypsin (0.25% Trypsin) was brought to 37°C in a water bath. In a 2mL Eppendorf
DNA Low-Bind tube (Eppendorf, UK) 10uL of Lipofectamine 2000 (Thermo Fisher

Scientific, UK) was combined with 500uL DMEM and incubated at room temperature
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for a minimum of 5 minutes. A separate 2mL tube was used to combine 3ug of
expression plasmid DNA with 500uL of DMEM. The Lipofectamine and DNA mixes

were then combined and incubated at room temperature for 30 minutes.

The cells were washed once with Phosphate Buffered Saline (PBS) (Thermo Fisher
Scientific, UK). Trypsin was then gently washed over the cells before any excess
trypsin was removed. Cells were returned to the incubator for a few minutes and
then checked. A slight tap on the side of the flask was used to detach all cells and
10mL of culture media was used to re-suspend the cells. The cells were counted
using the Nucleocounter (Chemometec, Allerod, Denmark) and the volume adjusted
to give a suspension of 1.6x10° cells/mL. One millilitre of cells was then added to
each transfection mixture and mixed by inverting the tube several times before
plating 25uL of the mixture into each well of a poly-D-lysine coated 384-well assay
plate (354663, Corning, UK). Cells were returned to the incubator for 3 hours, after
which 25uL/well of culture media was added to the cells and they were returned to

the incubator overnight.

On day 2, a pre-prepared compound plate was removed from the -20°C freezer and
allowed to thaw at room temperature. Adenosine triphosphate (ATP) (Sigma-Aldrich,
UK) was prepared with Tyrode’s buffer at a concentration of 20uM and a dilution
series was prepared at % concentrations. ATP stimulates the P2Y1 and P2Y2
receptors endogenously expressed in the HEK cell line (Schachter et al., 1997), and
was used here as a control for maximal stimulation. These were added to the plate
according to the layout shown in Figure 2.6. Cal-520 dye (AAT Bioquest, Sunnyvale,
USA) previously prepared in DMSO at a concentration of 500uM was added to
Tyrode’s buffer at 2uM with water soluble probenecid (Thermo Fisher Scientific, UK)
at a concentration of 2.5mM. Cell plates were removed from the incubator and
media was removed by flicking the plate onto paper towel. The dye solution was
added to the plate at 20uL/well. The plate was then incubated at room temperature

in the dark for 3 hours.
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Figure 2.6: Layout of the compound library on the pre-screen plates

Compounds were tested at three concentrations represented as different shades of
blue, with the darker shade representing the higher concentration. ATP control
columns were added to the plates on the day of use, again colour relates to
concentration with the darkest shade being the highest concentration.

After this incubation, the cell plate was washed on a plate washer (Asys Atlantis,
Biochrom, UK) with 100uL of room temperature Tyrode’s buffer. The buffer was then
aspirated off and this was repeated. A final aspiration step left a volume of 25uL of
buffer remaining. The plate was then incubated for a further 15 minutes in the dark
before being transferred to the FlexStation along with the compound plate and a box

of black 384-well FlexStation tips (Molecular Devices, 9000-0764).

Plates were read on the FlexStation with an excitation wavelength of 485nm and an
emission wavelength of 525nm. The cut-off for emission was automatically set at

515nm. Total read time for each column was 90 seconds, with read intervals of 2
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seconds. Test compound (25uL) was injected at 19 seconds into the run with a

pipette height of 20uL and a rate setting of 5.

2.3.6. Data analysis — Pre-screen

Data were initially analysed in Softmax Pro v5.4.1 (Molecular Devices, USA).
Responses were expressed as peak increase in fluorescence intensity, normalised to
the baseline which was calculated as %baseline x 0.01. The peak increase was
generally seen at around 10 seconds after compound injection. This resulted in data
equivalent to AF/F(baseline) using the first 8 read points before compound injection
to calculate the baseline. The baseline fluorescence was set at 0 by subtraction of 1
from all data; in the normalised data a value of 1 then represented a 100% increase
over baseline. The following formula was applied to represent data as a percentage

of the maximal response of the cells to the application of 10uM ATP.

Activity [%] = 100*( x-<VehicleControl> )
o =

<ATPControl> — <VehicleControl>

Where x is the calculated signal value of a well (AF/F).
< > indicate median of the calculated signal values (AF/F) for the vehicle control wells

(min, buffer) and ATP control (max, 10uM ATP).

Data from individual experiments were expressed as mean * SD of the replicates.
Data charts and statistical analyses were produced in GraphPad Prism v8.2.1

(GraphPad Software, USA).

2.3.7. Statistical analysis and selection criteria for concentration-response testing

In order to select compounds for follow-up concentration-response testing, several
criteria were applied. Initially, a two-way ANOVA was applied to the data. A 2-way

ANOVA does not account for the direction of the concentration range. The data
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could be in any order and the ANOVA output would be the same. Multiple
comparisons were also generated to give more detail on which concentrations of
compound gave significant differences. However, there are some cases where
relying on the ANOVA alone could lead to erroneous conclusions, particularly where
compounds give atypical responses in the cells. These can be from auto-fluorescence
of the compounds or other kinds of artefact, particularly with higher concentrations.
For all receptor-compound combinations yielding significant interaction in the
ANOVA, the raw signal traces were also examined. A typical calcium response shows
a rapid increase in fluorescence at the injection of the compound followed by a
gradual return to baseline levels over the course of around 3 minutes. Auto-
fluorescence of a compound is quite easily identified, as the fluorescence level
increases immediately at compound injection, but then remains constant over the
remaining read time. In some cases the maximum compound concentration
stimulated the cells to such an extent that the signal exceeded the capacity of the
FlexStation, resulting in signal saturation. This is also simple to identify from the
signal trace and if this was the only evidence for a compound-receptor interaction

then these combinations were not tested in the concentration-response phase.

Response traces were always examined in the context of the mock-transfected cell
response for that compound. While auto-fluorescent artefacts are easier to see,
artefacts from non-specific stimulation of the cells can look like legitimate calcium
responses. In fact, they may well be the result of test compounds interacting with
other cell surface receptors endogenous to the HEK cell line. Therefore, to proceed
to the concentration-response phase of the testing, there needed to be at least one

test concentration where the response was specific to the receptor-transfected cells.

In summary, the requirements for a receptor-compound combination to be tested in
a full concentration-response experiment were significance in the ANOVA, evidence
of a receptor-specific response and typical response characteristics in the raw signal

traces.
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2.3.8. Assay preparation and execution — concentration-response testing

Assays for concentration-response testing were carried-out in the same way as for
the pre-screen testing. The plate layout used for the initial testing phase at Waltham
was altered to that shown in Figure 2.7. The concentration-response curves for ATP
were omitted in these experiments as they were not used in downstream analysis

and it allowed one more compound to be tested per-plate.

20 21 22 23 24

Buffer Buffer

Buffer Buffer

Buffer Buffer

Buffer Buffer
C10 C10 C11 C11
C1 Cl C2 C2 C3 C3 C4 C4 C5 C5 C6 C6 C7 C7 C8 C8 (C9 (9 Cl0 Cl0 Cl1 Cl1 Buffer
C1 Cl C2 C2 C3 C3 C4 C4 C5 C5 C6 C6 C7 C7 C8 C8 (C9 (C9 C10 Cl0 Cl1 Cl1
C1 Cl C2 C2 C3 C3 C4 C4 C5 C5 C6 C6 C7 C7 C8 C8 (C9 (9 Cl0 Cl0 Cl1 Cl1 Buffer
C1 Cl C2 C2 C3 C3 C4 C4 C5 C5 C6 C6 C7 C7 C8 C8 (C9 (C9 Cl0 C1l0 Cl1 C11-
C1 Cl C2 C2 C3 C3 C4 C4 C5 C5 C6 C6 C7 C7 C8 C8 (C9 (9 Cl0 C10 Cl1 Cl1 Buffer

Figure 2.7: Plate layout for the initial phase of the concentration-response testing
with the FlexStation

ATP max (10uM)/min (buffer) controls were included on these plates, but were not
used in the analysis. The representation of C1-C11 is only an example. Compounds
tested for each receptor were based on the results from the pre-screen.

In the later repeat-testing phase with the Hamamatsu FDSS/UCELL system the same
layout was used with two minor differences. At this point in the work the decision
had been made not to use the ATP data in the calculation as the responses had
proved too variable between experiments (see Results section 2.4.1). This allowed
one more compound to be tested per plate, but also meant there were no blank
wells on the plate. To keep vehicle (injection of buffer only) wells available in the
data, the dilution series in the repeat-testing phase had the last point as a blank,

rather than as a sequential dilution point as shown in Figure 2.7.

Assay setup for this phase of testing was identical to that performed previously. The
Hamamatsu FDSS/UCELL system was set up with a gain of x4 and a threshold setting

of 10000. Dispense speed was set at 5uL/s and height at 1.5mm.
77



2.3.9. Data analysis — concentration-response testing

Data produced in the initial phase and repeat phase of concentration-response

testing were analysed with Softmax Pro v5.4.1 and response curves were plotted in
GraphPad Prism v8.2.1 (GraphPad Software, USA). Data were expressed as mean *
SD for the initial phase data (n=1) and mean + SEM for the repeat phase data (n=3).

Slope fitting was done using the Hill equation:

(Top-Bottom)

Response = Bottom +
1+IOELOQEC,-D-XJHIHSFO;JE

Where X = log concentration of the test compound.

In cases where enough data was available to indicate that the slope of the curve
could be estimated a variable slope four parameter fit was used (top, bottom, ECsg,
Hill Slope). In cases where it was not possible to estimate the slope from the data a

three parameter fit was used with the Hill Slope set at 1.

Two-way ANOVA was also used here to identify threshold concentrations.
Unfortunately, in most cases calculation of the ECsg value was not possible. Many
compound-receptor combinations did not reach a maximum plateau in their signal,
being limited by either compound solubility or the production of strong artefacts in
the mock-transfected cells. A small number of ECso values could be calculated and

are included in the results summary table (Table 2.7).

2.4. Results

2.4.1. Pre-screen testing data

The pre-screen test data for dTas2rl are presented here as a representative
example. This receptor had one of the highest rates of positive compound selection
for subsequent concentration-response testing, indicating it may be one of the more
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broadly-tuned receptors in the dog. In total, 24 of the 48 compounds tested were
selected for testing in the full dose-response Tas2rl experiments. Here the data for
dTas2rl will be discussed in detail, but the same criteria were applied to all pre-

screening data.

In all cases ATP was used as a control in the assay. Stimulation of the cells with 10uM
ATP resulted in a peak response of approximately 3.5 fold over baseline fluorescence
and an ECso of 2.4uM (Figure 2.8). Negative controls consisted of the assay buffer.
Where DMSO was used in the preparation of the compound, negative controls
consisting of assay buffer with DMSO at the same concentration as used for the

compound preparation were included.
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Figure 2.8: Response data for mock transfected cells when stimulated with 10uMm
ATP and a 2-fold dilution series

A) ATP (10uM) stimulates a transient calcium response in HEK293T cells. B) The
response of HEK293T cells to ATP is concentration dependant. This was initially used
to normalise data between experiments. However, ATP responses proved to be
variable between experiments and this normalisation was not used in the final data
analysis.

Use of a stimulator control like ATP is intended to help reduce variation between
experiments by providing a maximal fluorescence reference point. In assays where
there is little or no background fluorescence this can prove useful, as fluctuations in
dye loading are accounted for in a way not possible with the AF/F method. However,

in the assay used here baseline fluorescence was always well above zero. There was
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variation in the level of baseline fluorescence depending on which Tas2r receptor
had been transfected, but in all cases the level was most likely sufficient to at least
partially account for any variation in dye loading. In addition to this, the level of
fluorescence seen with the stimulation by 10uM ATP was quite variable between
experiments. In particular, the washing of the cells seemed to effect this. This was
quite noticeable because the plate washer used in these experiments washed
column 1 of the plate first and then moved sequentially across the plate. This
resulted in higher ATP responses in control column 24 when compared to column 1.
Incubating the plate at room temperature for 15 minutes post-washing reduced this
affect, but did not eliminate it. This might be caused by the mechanical effect of
washing the cells resulting in ATP release, and subsequent activation of endogenous

P2Y1 and P2Y2 receptors (Schachter et al., 1997).

In light of these findings, normalisation to the ATP response was not used in the final

data analysis. Instead the AF/F baseline (AF/F) method was used for all data.

2.4.1.1. dTas2r1: effect of 1,10-phenanthroline and 4-benzylpiperadine

An example of a receptor-compound combination that was selected for follow-up
concentration-response testing was dTas2rl with 1, 10-phenanthroline. As Figure 2.9
indicates, HEK293 cells transfected with either dTas2r1 plasmid, or empty vector
(mock) were assessed for responses to this compound in the calcium mobilisation
assay. 1, 10-Phenanthroline selectively induced responses in dTas2r1-transfected
cells at 1 and 10mM (Figure 2.8), with significant differences from the mock
indicated by two way ANOVA. Time-course data (Figure 2.10) indicated a rapid peak
response, within 20 seconds of compound addition, consistent with a receptor-

mediated calcium mobilisation mechanism.
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Figure 2.9: Pre-screening data for dTas2rl and A) 1, 10-phenanthroline or B) 4-
benzylpiperadine

Data are represented as change in fluorescence/initial baseline fluorescence against
log test compound concentration. Error bars represent standard deviation (SD) of
qguadruplicate measurements from one experiment (n=1). * p<0.05 dTas2r1 vs mock
transfected (two way ANOVA and Sidak’s multiple comparisons test).

Examination of the raw data traces from the FlexStation show typical data for the
dTas2ri-transfected cells with evidence of dose-dependency. The mock-transfected
cells do show a smaller response at the highest concentration however, there is no
response at the following concentration indicating a receptor-specific response at

this concentration (Figure 2.9 and 2.10).
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Figure 2.10: Raw data for responses of dTas2r1l and mock transfected cells to two

test compounds

A) dTas2rl with 1, 10-phenanthroline. Baseline fluorescence (F) was calculated as
the mean of the first eight read points. Change in fluorescence (AF) was calculated as
the peak reading minus the baseline. B) Mock with 1, 10-phenanthroline. C) dTas2r1
with 4-benzylpiperadine. D) Mock with 4-benzylpiperadine. The four individual
replicates for each treatment are plotted, with data represented as relative
fluorescent units (RFU). Arrows indicate timing of compound injection.

Based on this, a dose-response experiment for dTas2r1 transfected, and mock

transfected cells with 1,10-phenanthroline would be expected to show specific

responses with dTas2r1 transfected cells, or no activity with concentrations below

10mM.

An example of a receptor-compound combination that was not selected for dose-

response testing was dTas2rl with 4-benzylpiperadine. In this example there was no

receptor specific response at any concentration (Figure 2.9).
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The multiple comparison tests shows only the intermediate concentration test point
to be significant while the second and third were not significant. However, the

intermediate concentration shows a higher response in the mock-transfected cells.

Examination of the raw data traces showed that at the highest test concentration
signal saturation occurred. Therefore, the data for the highest concentration could
not be relied upon. Both dTas2r1 and mock-transfected cells responded at the
intermediate concentration. There is no evidence of a receptor-specific activation of
the cells and hence this compound would not be tested in a concentration-response

experiment with dTas2r1 (Figure 2.10).

2.4.1.2. dTas2r1 pre-screening data

All pre-screen data for dTas2r1 are shown in Figures 2.11, 2.12, 2.13 and 2.14.
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Figure 2.11: Pre-screening peak calcium response data for dTas2rl and the first 12 compounds in the library

Data are represented as AF/F against log concentration. Mock cells are transfected with plasmid vector that does not contain a Tas2r.

Error bars represent standard deviation (SD) of quadruplicate tests. Data are from 1 experiment (n=1).
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Figure 2.13: Pre-screening peak calcium response data for dTas2rl and the third 12 compounds in the library
Data are represented as AF/F against log concentration. Mock cells are transfected with plasmid vector that does not contain a Tas2r.
Error bars represent standard deviation (SD) of quadruplicate tests. Data are from 1 experiment (n=1).
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Figure 2.14: Pre-screening peak calcium response data for dTas2rl and the last 12 compounds in the library
Data are represented as AF/F against log concentration. Mock cells are transfected with plasmid vector that does not contain a Tas2r.
Error bars represent standard deviation (SD) of quadruplicate tests. Data are from 1 experiment (n=1).



All data for the dTas2rs were reviewed in this way to determine the selection of

compounds that would proceed to the concentration-response testing phase.

In some cases, these preliminary results matched with ligands identified for the
orthologous human receptor, but this was not always the case. For example,
yohimbine stimulates 5 human TAS2Rs (TAS2R1, 4, 10, 38 and 46) (Meyerhof et al.,
2010), nearly all of which have an orthologue in the dog, hTAS2R46 being the
exception. In this pre-screen, no potential responses with the dog Tas2rs were

observed with this compound (Figure 2.14). In this and other similar cases, a test

with the responding human receptors in the assay system would help to determine if

this lack of activity in dog really is a species-specific difference, or a result of the

differences between the assay system used here and that used in other laboratories.

This comparison was conducted as part of the concentration-response testing.

With previously-identified ligands for human receptors, the concentration used is

very important for identifying a positive result in comparison to controls. Diphenidol

has been reported as the most prolific stimulator of human TAS2Rs with a total of 15

responsive receptors (Meyerhof et al., 2010), 8 of which have an orthologue in the
dog. In this pre-screen, diphenidol did not produce any specific responses.
Responses in the receptor-expressing cells were always accompanied by similar
responses in the mock-transfected cells (Figure 2.12 and 2.15). Previously,
diphenidol was identified as being active with human TAS2Rs at a concentration of
0.1mM (Meyerhof et al., 2010). However, this concentration falls between the test
points used in this pre-screen of 3mM, 0.3mM and 0.03mM. Testing in a full
concentration-response experiment would be appropriate in situations like this
where, although there was no evidence of a specific response in this pre-screen,

there was reason to believe that the compound would activate some dog Tas2rs.
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Figure 2.15: Raw data for responses of dTas2rl to diphenidol

A) Raw data for dTas2rl-transfected cells. B) Raw data for mock transfected cells.
The four individual replicates for each treatment are plotted, with data represented
as relative fluorescent units (RFU). Arrows indicate timing of compound injection.

In the case of both yohimbine and diphenidol, there is reason to believe they should
show some activity against dog Tas2rs given their prolific stimulation of human
TAS2Rs. In these and similar cases, the compounds were listed for concentration-
response testing despite lack of a positive response in the pre-screen. Table 2.3
contains the details of all the receptor-compound combinations that were still
shortlisted for concentration-response testing despite the lack of a specific response

in the pre-screen.
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Table 2.3: Receptor-compound combinations shortlisted for dose-response testing
despite the lack of a specific response in the pre-screen data

Compound Responsive human Stimulating
orthologous receptors concentrations (LM)
Brucine hTAS2R10 100
Dextromethorphan hTAS2R1 10
hydrobromide hTAS2R10 10
monohydrate
Diphenidol hTAS2R1 100
hTAS2R4 100
hTAS2R7 10
hTAS2R10 30
hTAS2R38 100
hTAS2R39 100
hTAS2R40 30
hTAS2R43 30
Parthenolide hTAS2R1 100
hTAS2R4 30
hTAS2R10 30
PROP hTAS2R38 0.11
PTC hTAS2R38 0.04
Sinigrin hTAS2R38 100
Strychnine hTAS2R10 3
Yohimbine hTAS2R1 300
hTAS2R4 300
hTAS2R10 300
hTAS2R38 300

A summary of all receptor-compound combinations selected for concentration-

response testing is presented in Tables 2.4A and 2.4B.
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Table 2.4: A. Summary of compounds 1-24 showing those selected for further testing
Compound-receptor combinations selected for follow-up testing in a concentration-response experiment have an asterisk in the

corresponding cell.
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Table 2.4: B. Summary of compounds 25-48 showing those selected for further testing
Compound-receptor combinations selected for follow-up testing in a concentration-response experiment have an asterisk in the
corresponding cell.
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2.4.2. Concentration-response testing data

For each concentration-response test the experiment was performed once on the
FlexStation at the Waltham laboratory (initial phase) then, if indication of a specific
response was seen, repeated three times using the Hamamatsu FDSS/UCELL system
(repeat phase) at the laboratories of IMAX Discovery (Milan, Italy). Data were
compared between the different experiments and where possible an ECsp value was
calculated. Data were also compared to published responses for human orthologous

receptors.

2.4.2.1. Tas2rl concentration-response testing

dTas2rl1 had one of the highest selection rates for concentration-response testing. In
total, 29 compounds were screened on the FlexStation at Waltham. Of these, 18
were selected for further confirmation using the FDSS/UCELL system at IMAX
Discovery. Compounds with confirmed activity in the pre-screen and the
concentration-response experiments with either dTas2r1, hTAS2R1 or both are

shown here.

Some compounds, once screened in the initial concentration-response testing phase
at Waltham, did not show any evidence of specific receptor activation. In many
cases, similar responses in the mock-transfected cells meant no specific receptor
activation could be seen. A summary of these compounds is given in Table 2.5, along
with the reason for not following-up with repeated testing at the IMAX Discovery

laboratory.
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Table 2.5: Compounds failing to show specific responses in the initial phase
concentration-response testing with Tas2rl
Selection is based on pre-screen results for dTas2rl or because they were published

hTAS2R1 ligands. These compounds were not retested as part of the repeat testing

phase done at IMAX Discovery.

Compound Reason for Published Reference
discontinuation | activating
of testing concentration for
hTAS2R1 (mM)
Aloin No specific Not published NA
response
Chloroquine No specific Not published NA
response
Cycloheximide No specific Not published NA
response
Denatonium Benzoate | No specific Not published NA
response
Dextromethorphan No specific 0.01 Meyerhof et al.
hydrobromide responses (2010)
Dimethylbiguanide No response Not published NA
Diphenidol No specific 0.1 Meyerhof et al.
response (2010)
Doxepin No specific Not published NA
response
Ofloxacin No specific Not published NA
response
Parthenolide No response 0.1 Meyerhof et al.
(2010)
Picrotoxin/Picrotoxinin | No response 1.0 (Picrotoxinin) | Meyerhof et al.
(2010)
Sinigrin No specific Not published NA
response
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In the case of Picrotoxin, a small response was seen with dTas2r1 at a concentration
of 0.5mM. However, Picrotoxin is an equimolar mixture of Picrotoxinin and Picrotin.
Of these two compounds Picrotoxinin has been shown to be more active with
hTAS2R14 (Behrens et al., 2004) and was also shown to be active against hTAS2R1 at
a concentration of 1mM (Meyerhof et al., 2010). Here, the maximum soluble
concentration of picrotoxinin that could be achieved was 0.5mM. With no response
in hTAS2R1 to either compound, and only a small, not completely specific response

in dTas2rl to Picrotoxin these compounds were not retested at IMAX Discovery.

2.4.2.1.1. Selective responses of dTas2r1 in concentration-response tests

In many cases dTas2r1 showed activity with compounds that did not activate
hTAS2R1. Some differences in ligand binding profiles between orthologous receptors
were expected, but the situation was most marked for this receptor, with a
combination of results showing dog specific agonists, human specific agonists and

some agonists common to both receptors.

The heterocyclic organic compound 1, 10 phenanthroline is not a known ligand of
hTAS2R1, being found to stimulate only hTAS2R5 when previously used at
concentrations up to 1ImM (Meyerhof et al., 2010). However, it was found to
stimulate dTas2rl in this study. In Figure 2.16 concentration-response testing data
from the initial phase and repeat phase testing is shown. The data collected in the
initial phase showed larger responses than that collected from the repeat phase.
Also, sensitivity was higher with thresholds of 0.37mM and 3.33mM in the initial

phase and repeat phase, respectively.

Colchicine was not previously found to activate hTAS2R1 (Meyerhof et al., 2010), but
did activate dTas2rl in this study. The compound was highly soluble and could be

tested at concentrations of 11.1mM with no activation in the mock-transfected cells.
Higher concentrations of 200mM and 66.6mM were initially soluble, but precipitated

out of solution after 1-2 minutes at room temperature. The higher concentrations
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also caused responses in the mock-transfected cells. The threshold for activation was

1.2mM (Figure 2.16).

The highly odorous food and flavour-related compound ethylpyrazine was previously
shown to activate hTAS2R38, but not hTAS2R1, when a maximum test concentration
of 3mM was used (Meyerhof et al., 2010). In this study dTas2r1 was activated, but

not hTAS2R1. Specific activity for dTas2r1l was seen at a similar concentration to that

of hTAS2R38 at 3.7mM in the initial phase of testing (Figure 2.16).

Flavone was previously shown to activate hTAS2R14 and hTAS2R39, with a low
threshold of 8uM (Roland et al., 2011). In the initial phase experiments, dTas2r1 was
also activated at a low threshold of 2.5uM while hTAS2R1 was inactive. While this
pattern of specific activation for dog, but not human, Tas2r1 was preserved in the
data generated in the repeat phase, the threshold for dTas2r1 was much higher, with
specific responses being seen with 66uM (Figure 2.16). The reasons for this
difference are not clear, but are most likely related to the reduced overall sensitivity

seen in the data from the experiments run on the FDSS/UCELL system.

Aurintricarboxylic acid is not a previously identified hTAS2R1 ligand, but did give
some activity in the initial phase data with dTas2r1, and a threshold concentration of
62uM. Higher concentrations showed low levels of activation in the mock
transfected cells, but this was largely caused by slight autofluorescence of the
compound. The data from the repeat phase of testing showed some evidence of a
response in dTas2rl, but the response was not clear, with some activation in the

other test conditions also (Figure 2.16).
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Figure 2.16: Compounds showing specific activity for dTas2r1, but not hTAS2R1
Rows A-E each show data from one of the five compounds A) 1, 10-phenanthroline,
B) Colchicine, C) Ethylpyrazine, D) Flavone, E) Aurintricarboxylic acid. Column 1
shows raw data for the highest concentration where a specific response was seen
with dTas2rl. Column 2 shows full concentration-response data for the initial phase
testing. Column 3 shows concentration-response data from the repeat phase. The
initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).
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2.4.2.1.2. Selective responses of hTAS2R1 in concentration response tests

The corticosteroid 6a-methylprednisolone was previously found to activate
hTAS2R1, with a test concentration of 0.05 or 0.1mM (Li et al., 2008). In this study,
some evidence of activation was seen for hTAS2R1 but not for dTas2rl. This was only
seen in the initial phase, and the response was not confirmed in the repeat phase.
This may be related to the reduced sensitivity observed in the experiments
performed at IMAX Discovery, as the responses observed at Waltham were small, at

around 0.3 AF/F for the maximum test concentration of 0.5mM (Figure 2.17A).

Chloramphenicol caused specific activation of hTAS2R1, while dTas2rl did not show

specific activation (Figure 2.17A). Activation of hTAS2R1 by chloramphenicol is in-line
with published data, previously being shown to be active at 0.1mM (Meyerhof et al.,
2010), although here the activating concentration was higher at 0.28mM in the initial

phase data and 0.83mM in the repeat phase.

The antimuscarinic drug oxyphenonium bromide was previously identified as a
hTAS2R1 agonist at a test concentration of 2.5mM (Li et al., 2008). This was
confirmed here, with a threshold concentration of 3.7mM in the initial phase data
and a lower threshold of 0.41mM in the repeat phase data generated with the
FDSS/UCELL system. However, the dog orthologue of the receptor was unresponsive

to this compound (Figure 2.17A).

Resveratrol was previously shown to activate hTAS2R14 and hTAS2R39 (Roland et
al., 2013) at 16uM and 63uM respectively. Some activity was seen here for the
human TAS2R1 receptor, but only at elevated concentrations. The initial phase data
showed activation at 27uM, but increasing concentrations gave no further increases
in signal. This finding was not replicated in the FDSS/UCELL data where only the
highest concentration of 750uM gave an indication of a specific response in both the
human and dog receptors (Figure 2.17B). This was not considered as good evidence
of dTas2rl activation due to the high concentration and lack of concentration-

dependent responses.
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Sucralose activates a wide range of both human and mouse Tas2rs including
hTAS2R1 (Lossow et al., 2016). Here activation was seen for hTAS2R1 only at very
high concentrations of 11.1mM and above. A smaller response for dTas2rl was seen
in the initial phase data, but this was not evident in the replicated data from the
FDSS/UCELL system, most likely due to the reduced sensitivity in this experiment

(Figure 2.17B). Based on this data sucralose was not considered a hit for dTas2r1.

Thiamine also gave rather weak activation at elevated concentrations only.
Previously it was shown to stimulate hTAS2R1 and hTAS2R39 at a 1ImM
concentration (Meyerhof et al., 2010). Here stimulation of hTAS2R1 was seen with
concentrations of 3.7mM, but not at the next lowest concentration of 1.2mM. The
data from the repeat phase was slightly more difficult to interpret due to a large
drop in baseline signal at the point of injection. Inspection of the response curves
show a clear difference between hTAS2R1 and the mock-transfected cell line. The
responses for dTas2r1 are not clear. There was a statistically significant increase in
signal for dTas2r1 at second and third concentrations of 33.3mM and 11.1mM but
there was no evidence of this signal being dose-dependent (Figure 2.17B). This was

not considered to be sufficient evidence of dTas2r1 activation.

Yohimbine is an indoloquinolizidine alkaloid and was previously reported to
stimulate a number of human TAS2Rs, including hTAS2R1 at a concentration of
0.3mM (Meyerhof et al., 2010). In this study activation of hnTAS2R1 with a test
concentration of 0.3mM was seen in the initial phase data, but this was not evident

in the repeated experiments with the FDSS/uCell system (Figure 2.17B).
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Figure 2.17: A. Compounds showing specific activity for hTAS2R1, but not dTas2rl
Rows A-C each show data from one compound. A) 6a-Methylprednisolone, B)
Chloramphenicol, C) Oxyphenonium bromide. Column 1 shows raw data for the
highest concentration where a specific response was seen with hTAS2R1. Column 2
shows full concentration-response data for the initial phase testing. Column 3 shows
concentration-response data from the repeat phase. The initial phase includes
FlexStation data produced at the Waltham laboratory (n=1, error bars=SD). The
repeat phase includes data produced at the IMAX Discovery laboratory with the
Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).
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Figure 2.17: B. Compounds showing specific activity for hTAS2R1, but not dTas2r1
Rows D-G each show data from one D) Resveratrol, E) Sucralose, F) Thiamine, G)
Yohimbine. Column 1 shows raw data for the highest concentration where a specific
response was seen with hTAS2R1. Column 2 shows full concentration-response data
for the initial phase testing. Column 3 shows concentration-response data from the
repeat phase. The initial phase includes FlexStation data produced at the Waltham
laboratory (n=1, error bars=SD). The repeat phase includes data produced at the
IMAX Discovery laboratory with the Hamamatsu FDSS/UCELL system (n=3, error
bars=SEM).
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2.4.2.1.3. Common responses of dog and humanTas2rl in concentration-response
tests

In the case of 6-nitrosaccharin both the dog and the human version of the Tas2r1
receptor gave similar responses. In the initial phase data the responses are generally
higher with a AF/F value of ~1 for the second point in the dilution series (3.3mM)
compared to a AF/F value of ~0.22 for the data generated in the repeat phase. The
data from the FlexStation also shows slightly higher sensitivity, with a threshold
concentration of 0.37mM for hTAS2R1 and 0.12mM for dTas2rl. The data from the
FDSS/UCELL system is indistinguishable from baseline at this point (Figure 2.18). 6-
Nitrosaccharin is a known ligand of hTAS2R1, being identified in the Senomyx patent
at a test concentration of 0.3mM (Li et al., 2008). The response to 10mM 6-
nitrosaccharin was reduced in the replicate experiments conducted with the
FDSS/UCELL system (although not in the FlexStation experiment). Further
experiments with 6-nitrosaccharin (Chapter 4) also showed this effect, and similar

data has been published for other human receptors (Pronin et al., 2004).

The monoterpene (-)-a-thujone is an example of compound that activated both dog
and human Tas2r1, but with very different potency (Figure 2.18). In all experiments
the dog version of the receptor was more sensitive to the compound, with a
threshold of 25uM compared to 690uM for the human receptor. Again the
magnitude of the responses seen differed between the two sets of experiments,
with the initial phase data giving higher AF/F values. This compound has been tested
previously with hTAS2R1, but was not found to give a response (Meyerhof et al.,
2010). In the published, data the maximum test concentration used was 0.3mM,
with higher concentrations causing responses in the mock-transfected cells. Here,
the lowest concentration giving a specific response with hTAS2R1 was 0.69mM, with
no response in the mock-transfected cells, and so the data is compatible with that
already published, the key difference being seen in the sensitivity of the mock-

transfects.

The terpenoid (-)-camphor was tested in this study. The opposite enantiomer (+)-

camphor was previously tested and was found to activate several human TAS2Rs,
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but not hTAS2R1 at concentrations up to a maximum of 1mM (Meyerhof et al.,
2010). In this study, higher concentrations were testable without responses being
evident in the mock-transfected cells. The highest test concentration of 12.5mM was
slightly above the limit of solubility for this compound, which means the subsequent
concentrations are somewhat approximate. A concentration of ~1.39mM was found
to specifically activate both dog and human Tas2rl equally (Figure 2.18). However,

as concentrations increased above 3mM the mock-transfected cells did respond.

The naturally occurring (-)-menthol has not been previously published as a hTAS2R1
ligand. In this study it proved to be similarly active for both dog and human Tas2r1,
with threshold activation at around 58uM for dog and 19uM for human in the initial
phase experiments. Specific activation in both receptors was also seen in the repeat
phase experiments conducted on the FDSS/UCELL system, but again the threshold

was elevated (Figure 2.18).
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Figure 2.18: Compounds showing specific activity for hTAS2R1 and dTas2rl

Rows A-D each show data from one of the four compounds A) 6-Nitrosaccharin, B) (-
)-a-Thujone, C) (-)-Camphor, D) (-)-Menthol. Column 1 shows raw data for the
highest concentration where a specific response was seen with dTas2rl. Column 2
shows full concentration-response data for the initial phase testing. Column 3 shows
concentration-response data from the repeat phase. The initial phase includes
FlexStation data produced at the Waltham laboratory (n=1, error bars=SD). The
repeat phase includes data produced at the IMAX Discovery laboratory with the
Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Similar to hTAS2R1 the dTas2rl receptor displayed sensitivity to a variety of
compounds. Positive compounds fell reasonably evenly into the three categories of
dTas2rl active (5 compounds), hTAS2R1 active (7 compounds), or active against both

versions of the receptor (4 compounds). As one of the more active dog receptors in
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this study, dTas2r1 was a good candidate for assessing the impact of variations in the

receptor sequence, a subject which was explored in more detail in Chapter 4.

2.4.2.2. Tas2r2 concentration-response testing

Tas2r2 is a pseudogene in humans. As such no prediction for breadth of tuning could
be made before testing. Concentration-response testing was carried out with six
compounds for dTas2r2. Of these, only four were retested in the repeat phase
screening conducted at the IMAX Discovery laboratory. The two compounds not
tested in the repeat testing were denatonium benzoate and diphenidol. Denatonium
benzoate gave a small response in the initial phase data, but only at the highest
concentration tested with no evidence of dose-dependency. Diphenidol did not give

a specific response in the initial phase.

In the initial phase testing 1, 10-phenanthroline gave a specific response with
dTas2r2, with a threshold concentration of 1.1mM. At higher concentrations, strong
responses were seen in the mock-transfected cells. This result was not replicated in
the data produced at IMAX Discovery, but evidence of a specific response was seen
at the next highest concentration of 3.33mM. This was obscured in the peak data
due to an initial drop in baseline signal upon compound injection, but can be seenin
the raw data (Figure 2.19). A further repeat test was subsequently performed at

Waltham and was in agreement with the initial phase testing.
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Figure 2.19: Concentration-response data for Tas2r2 and 1, 10-phenanthroline

A) Raw data for the highest concentration where a specific response was seen with
dTas2r2. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). D) Full concentration-response data produced in a repeat phase of testing. E)
Raw data traces from one run of the repeat phase testing, concentrations are as for
panel D. F) Repeat testing on the FlexStation to confirm the result from the initial
phase. The initial phase includes FlexStation data produced at the Waltham
laboratory (n=1, error bars=SD). The repeat phase includes data produced at the
IMAX Discovery laboratory with the Hamamatsu FDSS/UCELL system (n=3, error
bars=SEM). In this case another repeat was performed on the FlexStation to confirm
the result.
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For colchicine, a specific response was seen for dTas2r2 in the initial phase data.
However, this response was not replicated in the repeated experiments at IMAX
Discovery (Figure 2.20). This compound precipitated at higher concentrations. A
subsequent repeat test at Waltham with a lower maximum concentration confirmed
the result from the initial phase, suggesting the lack of response in the repeat phase

testing was related to the lower sensitivity that was observed in this phase.
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Figure 2.20: Concentration-response data for Tas2r2 and colchicine

A) Raw data for the highest concentration where a specific response was seen with
dTas2r2. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). D) Full concentration-response data produced in a repeat phase of testing. E)
Repeat testing on the FlexStation with a reduced maximum concentration to confirm
the result from the initial phase. The initial phase includes FlexStation data produced
at the Waltham laboratory (n=1, error bars=SD). The repeat phase includes data
produced at the IMAX Discovery laboratory with the Hamamatsu FDSS/UCELL system
(n=3, error bars=SEM).
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Aurintricarboxylic acid proved to be an extremely potent activator of dTas2r2. The
concentration used in the initial phase proved to be far too high and was adjusted
for the repeat phase testing at IMAX Discovery. The threshold concentration was
3uM in the repeat testing, but this would possibly be lower in a repeat of the initial
phase testing due to the issues seen in the repeat phase testing with assay sensitivity
(Figure 2.21). The ECso was 6.9uM with 95% confidence intervals of 4.76 to 10.82uM

in the repeat phase testing.
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Figure 2.21: Concentration-response data for Tas2r2 and aurintricarboxylic acid

A) Raw data for the highest concentration where a specific response was seen with
dTas2r2. B) Full concentration-response data produced in an initial phase of testing.
C) Full concentration-response data produced in a repeat phase of testing. D) Full
concentration-response data produced in a repeat phase of testing with a reduced
maximum concentration. The initial phase includes FlexStation data produced at the
Waltham laboratory (n=1, error bars=SD). The repeat phase includes data produced
at the IMAX Discovery laboratory with the Hamamatsu FDSS/uUCELL system (n=3,
error bars=SEM).
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Ofloxacin gave a specific response in the initial phase with a threshold of 0.69mM.
However, this was not as strong in the repeat testing. A positive response was
apparent in the data, but an initial drop in baseline fluorescence on compound
injection masked the response when peak data was extracted. Inspection of the raw
response traces from the repeat phase testing clearly shows the difference between
the receptor and mock-transfected cells, but at the highest concentration only

(Figure 2.22).
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Figure 2.22: Concentration-response data for Tas2r2 and ofloxacin

A) Raw data for the highest concentration where a specific response was seen with
dTas2r2. B) Full concentration-response data produced in an initial phase of testing.
C) Full concentration-response data produced in a repeat phase of testing. D) Raw
data traces from one run of the repeat phase testing. Concentrations are as for panel
C. The initial phase includes FlexStation data produced at the Waltham laboratory
(n=1, error bars=SD). The repeat phase includes data produced at the IMAX
Discovery laboratory with the Hamamatsu FDSS/UCELL system (n=3, error
bars=SEM).

Although it was not broadly tuned here dTas2r2 was certainly an active receptor,
with 4 ligands identified. In particular, aurintricarboxylic acid was a potent agonist.
Data for dog receptors with no human orthologue are particularly interesting, as
without these receptors an overall assessment of the dog’s perception of bitter taste
cannot be made.
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2.4.2.3. Tas2r3 concentration-response testing

In total 16 compounds were selected from the test library for concentration-
response testing with Tas2r3 based on the pre-screen data. However, in the initial
testing phase only three of these showed evidence of specific responses and these
were retested with the FDSS/UCELL system.

Chloroquine is the only published ligand for hTAS2R3, with an activating
concentration reported as 10mM (Li et al., 2008; Meyerhof et al., 2010). In the work
presented here the application of chloroquine resulted in some cell responses that
were unique among the tested library of compounds. Chloroquine proved highly-
soluble and was tested at a maximum concentration of 200mM. Responses in the
mock-transfected cells were observed at this, and the next highest concentration of
66.7mM. The following concentrations of 22.2mM and 7.4mM did not show these
non-specific responses, and with hTAS2R7 (for which chloroquine is also a known
ligand) clear specific activation of the receptor-transfected cells could be seen (see
section 2.4.2.6). At concentrations lower than this a different non-specific response
could be seen in both receptor and mock-transfected cells. With hTAS2R3, no
specific response was observed at either the 7.4mM or the 22.2mM concentrations.
Some elevation in the response of hTAS2R3-transfected cells at 66.6mM was
observed, but given the high concentration and lack of any dose-dependency the

test was not repeated during the retesting phase.

In previous, unpublished work done at Waltham, a different assay format was used
with this receptor-compound combination. The same assay with the utilisation of a
stably-expressed photosensitive protein, natClytin, was used with this receptor-
compound combination and a luminescent assay readout (Figure 2.23). In this case
clear activation of dTas2r3 by chloroquine was observed, indicating the unusual
results seen here with chloroquine are related to how this receptor-compound

combination performs in the fluorescent version of the assay.
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Figure 2.23: Previously generated data for dTas2r3 with chloroquine in a
luminescent assay format

Luminescent output is given in Relative Luminescent Units (RLU). This data was
produced on the FlexStation (n=1, error bars=SD). ECso was calculated as 0.081mM.

For the three compounds that were retested in the repeat phase, namely 6-
nitrosaccharin, chlorhexidine and cucurbitacin B, none showed evidence of specific
responses in the data generated in this phase of testing, meaning dTas2r3 was not
deorphanised as part of this study, but does show activation by chloroquine in a

luminescence-based assay.

2.4.2.4. Tas2r4 concentration-response testing

A total of 21 compounds were selected from the pre-screen for concentration-
response testing with dTas2r4. The selection included the previously published
hTAS2R4 ligands denatonium benzoate, diphenidol, parthenolide, quinine and

sucralose (Li et al., 2008; Meyerhof et al., 2010; Lossow et al., 2016).

Of these 21 compounds, 11 showed evidence of specific activity in the initial phase
and were selected for the repeat phase of testing. Diphenidol and parthenolide were

not selected due to a lack of specific responses in the initial testing phase.
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Aristolochic acid was initially tested at a maximum concentration of 3.13mM. While
appearing to initially dissolve, the compound quickly precipitated. These high
concentrations also caused activation in the mock-transfected cells. This was revised
for the repeat phase testing with a maximum concentration of 0.5mM being used
which did not activate the mock cells. Aristolochic acid is not a published ligand for
hTAS2R4, despite being tested before (Meyerhof et al., 2010). It is a ligand for
hTAS2R43 and hTAS2R44, with sub-micromolar concentrations stimulating these
receptors. Here dTas2r4 proved to be sensitive to the compound, while hTAS2R4
was completely insensitive. A threshold concentration of 38.5uM was found to
stimulate the dog receptor (Figure 2.24). In the initial phase data the ECsp was
0.039mM while in the repeat phase it was 0.041 with 95% confidence intervals of
0.034 to 0.049.
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Figure 2.24: Concentration-response data for Tas2r4 and aristolochic acid

A) Raw data for the highest concentration where a specific response was seen with
dTas2r4. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). D) Full concentration-response data produced in a repeat phase of testing. The
initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

(+)-Camphor was previously shown to be a ligand for hTAS2R4 with a threshold

concentration of 300uM (Meyerhof et al., 2010). In this study (-)-camphor was used,
but a distinct response was seen with hTAS2R4 at elevated concentrations of 1.4mM
in the initial testing and 4.2mM in the repeat phase testing. A specific response could

not be confirmed for dTas2r4 (Figure 2.25).
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Figure 2.25: Concentration-response data for Tas2r4 and (-)-camphor

A) Raw data for the highest concentration where a specific response was seen with
hTAS2R4. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). D) Full concentration-response data produced in a repeat phase of testing. The
initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Chloramphenicol is not a known ligand of hTAS2R4 and did not give any convincing
indication that it may act as such in this study. There was a very small response in
dTas2r4 with the second highest concentration of 0.83mM in the initial phase test
but this was not replicated in the repeat phase of testing. Also there was no
indication of dose-dependency (Figure 2.26). This was not considered to be a hit for

dTas2r4.
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Figure 2.26: Concentration-response data for Tas2r4 and chloramphenicol

A) Raw data for the highest concentration where a specific response was seen with
dTas2r4. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). D) Full concentration-response data produced in a repeat phase of testing. The
initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Chlorhexidine was previously tested, but a maximum concentration of only 1uM was
used (Meyerhof et al., 2010). Only hTAS2R14 was found to respond, with a threshold
concentration of 0.1uM. Here a higher maximum concentration of 0.1mM was used
and initial testing showed evidence of specific responses with both human and dog
Tas2r4, with a threshold concentration of 33uM. These were confirmed in the repeat
testing phase with a threshold of 11uM (Figure 2.27). This is two orders of
magnitude higher that that published for hnTAS2R14. However, they were specific to
Tas2r4 as other receptors tested here with chlorhexidine, Tas2r3 for example,
showed only responses identical to the mock-transfected cells.
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Figure 2.27: Concentration-response data for Tas2r4 and chlorhexidine

A) Raw data for the highest concentration where a specific response was seen with
dTas2r4. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). D) Full concentration-response data produced in a repeat phase of testing. The
initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Colchicine was previously reported as a hTAS2R4 ligand at a threshold concentration
of 100uM (Meyerhof et al., 2010). However, in this study hTAS2R4 did not give any
specific responses to this compound. The dog version of the receptor did give some
specific responses, but only at elevated concentrations with a threshold of 11.1mM

(Figure 2.28).
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Figure 2.28: Concentration-response data for Tas2r4 and colchicine

A) Raw data for the highest concentration where a specific response was seen with
dTas2r4. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). D) Full concentration-response data produced in a repeat phase of testing. The
initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Cucurbitacin B is not a published ligand for hTAS2R4, but did give a specific response
here with both hTAS2R4 and dog Tas2r4 at concentrations of 0.5mM and 0.17mM in
the initial testing. However, these responses were not seen in the repeated testing
phase (Figure 2.29). This test was also repeated at IMAX Discovery independently
(data not shown) and no activation was seen, hence this is not considered a hit
compound. It is not clear why such a response was seen in the initial phase of
testing, but this does illustrate the need for repeated independent testing to identify
any irregular results.
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Figure 2.29: Concentration-response data for Tas2r4 and cucurbitacin B

A) Raw data for the highest concentration where a specific response was seen with
dTas2r4. B) Full concentration-response data produced in an initial phase of testing.
C) Full concentration-response data produced in a repeat phase of testing. The initial
phase includes FlexStation data produced at the Waltham laboratory (n=1, error
bars=SD). The repeat phase includes data produced at the IMAX Discovery laboratory
with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Denatonium benzoate was reported as an agonist of hTAS2R4 with a threshold
concentration of 0.3mM in one study (Meyerhof et al., 2010), but not in another (Li
et al., 2008). In the initial testing phase a maximum concentration of 100mM was
used but this proved too high, giving strong responses in the mock-transfected cells.
The maximum concentration was reduced to 10mM for the repeat phase testing. In
both the initial phase and the repeat phase testing a specific response was seen for
dTas2r4, but not hTAS2R4. In the case of the repeat phase testing the response was
masked in the concentration-response curve, due to a drop in baseline signal at the
point of compound injection. However, the response was clearly visible if the raw
data were examined directly. The threshold concentration for dTas2r4 was 0.4mM

(Figure 2.30), while the ECso was 3.78mM in the initial phase experiments.
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Figure 2.30: Concentration-response data for Tas2r4 and denatonium benzoate

4_
™
2+ i
.'IIIII
. A
0 —t—
2 1 0 1 2
Log [Denatonium benzoate] (M)
0.20
0.15+ i
v
¥
w
i 0.10+ &
<] /
S
0.05- ! f—i—r’
0.00 : : : : :
] T

ybIH

uoljeldjusaiuod

Mo

Log [Denatonium benzoate] (m)

—e— dTas2r4

hTAS2R4

—— MOCK

A) Raw data for the highest concentration where a specific response was seen with
dTas2r4. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest

concentration where a specific response was seen (no activation in the mock cell

line). D) Full concentration-response data produced in a repeat phase of testing. E)
Raw data traces from one run of the repeat phase testing. The initial phase includes

FlexStation data produced at the Waltham laboratory (n=1, error bars=SD). The
repeat phase includes data produced at the IMAX Discovery laboratory with the

Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).
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Aurintricarboxylic acid is not a previously published test compound with Tas2rs but
has been identified as an agonist of hT2R7 previously (IMAX Discovery, unpublished
data). In the initial testing, a distinct response for dTas2r4 was seen compared to
either hTAS2R4 or the mock-transfected cells, with a threshold of 7uM. The response

of dTas2r4 was confirmed in the repeat phase (Figure 2.31).
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Figure 2.31: Concentration-response data for Tas2r4 and aurintricarboxylic acid

A) Raw data for the highest concentration where a specific response was seen with
dTas2r4. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). D) Full concentration-response data produced in a repeat phase of testing. The
initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Quinine was a previously reported ligand for hnTAS2R4 with concentrations of 10uM
(Meyerhof et al., 2010) or 75uM (Li et al., 2008). In the initial phase of testing, a

significant response for hTAS2R4 was seen at a concentration of 26uM. However,
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the response was not completely specific, with some activation of the mock and
dTas2r4-transfected cells. Higher concentrations caused strong activation in the
mock-transfected cells. In the repeat testing phase, the maximum concentration was
reduced to 200uM in an attempt to see a specific response without a response in the
mock cells. The data were somewhat hard to interpret. Both receptor and mock cells
responded at 200uM. At the second highest concentration of 66.6uM a specific
response in the hTAS2R4-transfected cells could be seen, but activation was quite

low. No specific response was seen from dTas2r4-transfected cells (Figure 2.32).
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Figure 2.32: Concentration-response data for Tas2r4 and quinine

A) Raw data for hTAS2R4 where a marginally non-specific response was seen. B) Full
concentration-response data produced in an initial phase of testing. C)
Concentration-response data from the initial phase testing with the highest
concentrations omitted. D) Full concentration-response data produced in a repeat
phase of testing. E) Concentration-response data from the repeat phase testing with
the highest concentration omitted. The initial phase includes FlexStation data
produced at the Waltham laboratory (n=1, error bars=SD). The repeat phase includes
data produced at the IMAX Discovery laboratory with the Hamamatsu FDSS/uCELL
system (n=3, error bars=SEM).

Resveratrol is not a known ligand of hTAS2R4. In the initial testing, a small response
was seen with both hTAS2R4 and dTas2r4, but it was not specific. In the repeat
testing a small elevation in signal was seen for dTas2r4, but only for the highest

concentration (Figure 2.32). This was not considered a hit for dTas2r4.
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Figure 2.33: Concentration-response data for Tas2r4 and resveratrol

A) Raw data for the highest concentration where a specific response was seen with
dTas2r4. B) Full concentration-response data produced in an initial phase of testing.
C) Full concentration-response data produced in a repeat phase of testing. The initial
phase includes FlexStation data produced at the Waltham laboratory (n=1, error
bars=SD). The repeat phase includes data produced at the IMAX Discovery laboratory
with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Sucralose has been reported previously as an agonist of hTAS2R4 (Lossow et al.,
2016). In this study specific activation for hTAS2R4 was seen only in the initial phase,
while dTas2r4 showed specific activation in both the initial and the repeat testing
phase. The threshold concentrations from the initial phase data were 3.7mM for
both dTas2r4 and hTAS2R4. While these concentrations were high, no activation was

seen in the mock-transfected cells (Figure 2.34).
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Figure 2.34: Concentration-response data for Tas2r4 and sucralose

A) Raw data for the highest concentration where a specific response was seen with
dTas2r4. B) Full concentration-response data produced in an initial phase of testing.
C) Full concentration-response data produced in a repeat phase of testing. The initial
phase includes FlexStation data produced at the Waltham laboratory (n=1, error
bars=SD). The repeat phase includes data produced at the IMAX Discovery laboratory
with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Overall dTas2r4 appeared to be intermediate in its tuning breadth. Most
interestingly dTas2r4 was the only dog receptor to respond robustly to denatonium
benzoate in this study. It was much less sensitive than the most sensitive human
receptor, but this is in line with data generated in vivo for dogs (see section 2.5.1,

Figure 2.60).

2.4.2.5. Tas2r5 concentration-response testing

A total of 8 compounds were selected from the pre-screen testing for follow-up
testing with Tas2r5. In the initial testing, 5 compounds showed positive responses
and were tested again in the repeat phase.
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One compound, 1, 10-phenanthroline, was mistakenly omitted from the repeat
phase testing. The initial phase testing showed a specific response for dTas2r5, with
a threshold concentration of 370uM. However, the human receptor did not respond.
This is not in agreement with published data which does show the compound as
active for hTAS2RS5 at a threshold concentration of 100uM (Meyerhof et al., 2010)
(Figure 2.35).
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Figure 2.35: Concentration-response data for Tas2r5 and 1, 10-phenanthroline

A) Raw data for the highest concentration where a specific response was seen with
dTas2r5. B) Full concentration-response data produced in an initial phase of testing.
The initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD).

Neither (+)-camphor or (-)-camphor are known to be ligands for hTAS2R5 (Meyerhof
etal., 2010). In this study, a slight response was seen in both dog and human
Tas2r5, but it was not specific in the repeat testing, with a smaller response in the
mock-transfected cells. This was only present at very high concentrations of 5mM
and above and there was no evidence of a dose dependant relationship below this,
making the data rather unconvincing in this case. Based on these data, (-)-camphor is

not considered a hit for Tas2r5 (Figure 2.36).
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Figure 2.36: Concentration-response data for Tas2r5 and (-)-camphor

A) Raw data for the highest concentration where a specific response was seen with
dTas2r5. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). D) Full concentration-response data produced in a repeat phase of testing. The
initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Cucurbitacin B has not been previously identified as a Tas2r5 agonist (Meyerhof et
al., 2010). In the initial testing phase it gave some specific responses at high
concentrations, but these were not reproduced in the repeat phase (Figure 2.37).
This test was also repeated at IMAX Discovery (data not shown) but no responses
were seen, hence it is not considered to be a hit for dTas2r5. It is not clear why

responses were seen in the initial phase, but does emphasise the importance of

repeated testing.
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Figure 2.37: Concentration-response data for Tas2r5 and cucurbitacin B

A) Raw data for the highest concentration where a specific response was seen with
dTas2r5. B) Full concentration-response data produced in an initial phase of testing.
C) Full concentration-response data produced in a repeat phase of testing. The initial
phase includes FlexStation data produced at the Waltham laboratory (n=1, error
bars=SD). The repeat phase includes data produced at the IMAX Discovery laboratory
with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Aurintricarboxylic acid gave specific activation of dTas2r5, but not hTAS2R5.
Responses in the initial phase were more easily interpreted than those in the repeat
phase, but a specific, dose-dependent response was still seen, with a threshold of

21uM in the initial phase (Figure 2.38).
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Figure 2.38: Concentration-response data for Tas2r5 and aurintricarboxylic acid

A) Raw data for the highest concentration where a specific response was seen with
dTas2r5. B) Full concentration-response data produced in an initial phase of testing.
C) Full concentration-response data produced in a repeat phase of testing. D) Raw
data traces from one run of the repeat phase testing. Concentrations are as for panel
C. The initial phase includes FlexStation data produced at the Waltham laboratory
(n=1, error bars=SD). The repeat phase includes data produced at the IMAX
Discovery laboratory with the Hamamatsu FDSS/UCELL system (n=3, error
bars=SEM).

Oxyphenonium bromide is not a known ligand of hTAS2R5 (Li et al., 2008) and no
response with hT2R5 was seen in this study. However, dT2R5 did give a specific
response, with a threshold of 3.7mM. Although the concentrations giving activation

were quite high, the response was specific and dose-dependent (Figure 2.39).
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Figure 2.39: Concentration-response data for Tas2r5 and oxyphenonium bromide
A) Raw data for the highest concentration where a specific response was seen with
dTas2r5. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). D) Full concentration-response data produced in a repeat phase of testing. E)
Concentration-response data from the repeat phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). The initial phase includes FlexStation data produced at the Waltham laboratory
(n=1, error bars=SD). The repeat phase includes data produced at the IMAX
Discovery laboratory with the Hamamatsu FDSS/UCELL system (n=3, error
bars=SEM).

Sucralose was recorded previously as activating hTAS2R5 (Lossow et al., 2016). In
this study hTAS2R5 did not respond, but dTas2r5 did give a specific response at very
high concentrations of 33mM in the initial phase and 100mM in the repeat phase. A
reduction in sensitivity was a feature in much of the repeat phase testing (Figure

2.40).
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Figure 2.40: Concentration-response data for Tas2r5 and sucralose

A) Raw data for the highest concentration where a specific response was seen with
dTas2r5. B) Full concentration-response data produced in an initial phase of testing.
C) Full concentration-response data produced in a repeat phase of testing. The initial
phase includes FlexStation data produced at the Waltham laboratory (n=1, error
bars=SD). The repeat phase includes data produced at the IMAX Discovery laboratory

with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

This study identified four ligands for dTas2r5. This is a relatively high hit rate given
that only 6 ligands have been identified for hnTAS2R5, despite far more extensive
testing than that performed here. Two ligands, 1, 10-phenanthroline and sucralose,

were shared based on data published for hTAS2R5 elsewhere, although hTAS2R5 did

not respond here.
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2.4.2.6. Tas2r7 concentration-response testing

A total of 19 compounds from the pre-screen phase were selected for concentration-
response testing with Tas2r7 in the initial test phase. Of these, 6 showed some
evidence of specific responses and were taken forward to the repeat testing phase.
6a-Methylprednisolone was not previously noted as an agonist of hTAS2R7 when
tested at a concentration of 0.1mM (Li et al., 2008). However, a small response was
seen in the initial testing phase at concentrations of 55uM and above. This was
confirmed in the repeat phase with a small, but specific response at a concentration

of 0.16mM. No response was observed with dTas2r7 (Figure 2.41).
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Figure 2.41: Concentration-response data for Tas2r7 and 6a-methylprednisolone
A) Raw data for the highest concentration where a specific response was seen with
hTAS2R5. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest

concentration where a specific response was seen (no activation in the mock cell

line). D) Full concentration-response data produced in a repeat phase of testing. E)
Raw data traces from one run of the repeat phase testing. Concentrations are as for

panel C. The initial phase includes FlexStation data produced at the Waltham

laboratory (n=1, error bars=SD). The repeat phase includes data produced at the
IMAX Discovery laboratory with the Hamamatsu FDSS/UCELL system (n=3, error

bars=SEM).
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(+)-Camphor did not stimulate hTAS2R7 in a previous study (Meyerhof et al., 2010).
In this study (-)-camphor showed some evidence of activation in the initial phase, but
the response was neither specific nor concentration-dependent in the repeat testing

phase. It was not considered as active based on these data (Figure 2.42).
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Figure 2.42: Concentration-response data for Tas2r7 and (-)-camphor

A) Raw data for the highest concentration where a specific response was seen with
dTas2r7. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). D) Full concentration-response data produced in a repeat phase of testing. The
initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Chloroquine was recorded as an agonist of hTAS2R7 at a concentration of 10mM in
one study (Li et al., 2008), but did not show activity in another study when used at

the same concentration (Meyerhof et al., 2010). Here specific activation of hTAS2R7
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occurred at concentrations of 7.4mM and above while no activation of dTas2r7 was
observed. At lower concentrations, a non-specific artefact was present in all tested
cells, including the mock-transfected cells. This phenomenon was unique to
chloroquine and is clearly visible in the concentration-response data presented in

Figure 2.43.
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Figure 2.43: Concentration-response data for Tas2r7 and chloroquine

A) Raw data for the highest concentration where a specific response was seen with
hTAS2R7. B) Full concentration-response data produced in an initial phase of testing.
C) Full concentration-response data produced in a repeat phase of testing. D) Raw
data traces from one run of the repeat phase testing. The initial phase includes
FlexStation data produced at the Waltham laboratory (n=1, error bars=SD). The
repeat phase includes data produced at the IMAX Discovery laboratory with the
Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

The previously untested compound aurintricarboxylic acid proved to be a potent
stimulator of hTAS2R7, but not of dTas2r7. In the initial testing phase a maximum

concentration of 5mM was used, but this proved to be far too high. In the repeat
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phase the maximum concentration was reduced to 0.1mM. Activation was seen at a
threshold concentration of 3.7uM (Figure 2.43), although this may be lower given

the issues encountered with sensitivity in the repeat phase.
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Figure 2.44: Concentration-response data for Tas2r7 and aurintricarboxylic acid

A) Raw data for the highest concentration where a specific response was seen with
hTAS2R7. B) Full concentration-response data produced in an initial phase of testing.
C) Full concentration-response data produced in a repeat phase of testing. The initial
phase includes FlexStation data produced at the Waltham laboratory (n=1, error
bars=SD). The repeat phase includes data produced at the IMAX Discovery laboratory
with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Oxyphenonium bromide was previously shown to stimulate hTAS2R7 at a
concentration of 2.5mM (Li et al., 2008). Here stimulation of hTAS2R7 was also seen
in both the initial testing and the repeat phase. A threshold concentration of 3.7mM
was observed in the repeat phase testing, which was a rare example of the repeat

phase data showing greater sensitivity than the initial phase data, where a threshold
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of 11.1mM was observed. No specific activation of dTas2r7 was apparent with the
exception of the highest test concentration. However this was rather unconvincing,

with no evidence of a concentration dependent response (Figure 2.45).
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Figure 2.45: Concentration-response data for Tas2r7 and oxyphenonium bromide
A) Raw data for the highest concentration where a specific response was seen with
hTAS2R7. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (removal of large artefact at top
concentration). D) Full concentration-response data produced in a repeat phase of
testing (top concentration not shown due to large artefact). The initial phase
includes FlexStation data produced at the Waltham laboratory (n=1, error bars=SD).
The repeat phase includes data produced at the IMAX Discovery laboratory with the
Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Sucralose was previously noted as an agonist of hTAS2R7, but concentrations were
not detailed (Lossow et al., 2016). It was also active here, with small responses at
concentrations of 11mM and above. The dog orthologue of the receptor was

unresponsive (Figure 2.46).
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Figure 2.46: Concentration-response data for Tas2r7 and sucralose

A) Raw data for the highest concentration where a specific response was seen with
hTAS2R?7. B) Full concentration-response data produced in an initial phase of testing.
C) Full concentration-response data produced in a repeat phase of testing. The initial
phase includes FlexStation data produced at the Waltham laboratory (n=1, error
bars=SD). The repeat phase includes data produced at the IMAX Discovery laboratory
with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

A ligand for dTas2r7 was not discovered as part of this study. It appears that the

receptive range of dTas2r7 differs from that of its human orthologue.

2.4.2.7. Tas2rl0 concentration-response testing

Of the 48 compounds tested in the pre-screening phase 21 were tested in the initial
concentration-response testing phase with Tas2r10. Of these 12 were tested again in

the retest phase.
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2.4.2.7.1. Selective responses of hTAS2R10 in concentration-response tests

Chloramphenicol was previously recognised as an agonist of hTAS2R10 at
concentrations of 100uM (Meyerhof et al., 2010) or 200uM (Li et al., 2008). In the
initial testing phase a specific response was seen with hTAS2R10, with no response
from the dog orthologue. A threshold concentration of 0.27mM was observed
(Figure 2.47A). However, this was not replicated in the repeat phase of the testing,
where no response was seen. As the data from the initial testing seemed to fit well
with published data, the test was repeated under the same conditions as for the
initial test at the Waltham laboratory. A similar result was seen compared to the first
test (data not shown). The lack of observed response in the repeat phase of the

testing may be related to the overall reduced sensitivity observed in this phase.

Chloroquine was previously identified as an agonist of hTAS2R10 at a concentration
of 10mM (Li et al., 2008; Meyerhof et al., 2010). However, despite a response in the
initial testing with hTAS2R10, no responses were seen in the repeat phase testing
with either hTAS2R10 or dTas2r10. The data warrant repeat testing under the same
conditions as the initial testing, but this was not performed as no responses were

apparent in the dog orthologue, which was the focus of this study (Figure 2.47A).

Denatonium benzoate is a well-known bitter-tasting substance for humans and is a
ligand for eight hTAS2Rs (Meyerhof et al., 2010). Of these, hTAS2R47 has the lowest
threshold concentration at 0.03uM, while the next most sensitive receptor is
hTAS2R10 with a 3uM threshold. Dogs lack an orthologue for hnTAS2R47 and in the
testing done in this study dTas2r10 was unresponsive to denatonium benzoate. The
threshold for hnTAS2R10 was less than 45uM (the lowest concentration tested in the
data from Waltham), but was elevated in the data from the FDSS/uCELL system,
again indicating some loss of sensitivity in this phase of the testing. At very high
concentrations non-specific activation of the mock-transfected cells was seen, and
the maximum concentration was reduced in the repeat testing phase. With a

concentration of 10mM a near complete reduction in signal was observed compared
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to lower concentrations. This is similar to the effect seen with 6-Nitrosaccharin and

Tas2rl (Figure 2.47A).

Ethylpyrazine was identified as a hTAS2R10 ligand at a concentration of 20mM in
one previous study (Li et al., 2008), but not in another (Meyerhof et al., 2010). Here
a threshold concentration of 11.1mM was found in the initial testing, with higher
concentrations stimulating the mock-transfected cells. In the repeat phase of testing
no response was observed. No specific activation was seen with dog Tas2r10 at any

of the concentrations tested (Figure 2.47A).

Oxybutynin chloride stimulated hTAS2R10 at a concentration of 100uM in a previous
study (Li et al., 2008). Here specific stimulation was observed at concentrations as

low as 3.7uM, but only the human receptor was responsive (Figure 2.47A).

Oxyphenonium bromide was previously identified as a ligand of hTAS2R10 at a
concentration of 2.5mM (Li et al., 2008). Here a threshold of 137uM was seen in the
initial testing phase, but the repeat phase data suggested this may be even lower. A
maximum concentration of 100mM resulted in large non-specific artefacts, so that
only a maximum of 11.1mM and 33.33mM could be plotted on a concentration-
response curve in the initial and repeat phases, respectively. Only activation of the

human receptor was seen (Figure 2.47B).

Parthenolide is a known ligand of hTAS2R10 with a threshold concentration of 30uM
(Meyerhof et al., 2010). In the initial phase of testing similar data was seen with a
threshold of 27uM for hTAS2R10. In the repeat phase hTAS2R10 also showed specific
responses, but the threshold was again higher at 66uM (Figure 2.47B). No activation

of dTas2r10 was observed.

Pirenzepine was previously noted to activate hTAS2R10 at a concentration of 2.5mM
(Li et al., 2008). In this study some evidence of a specific response with hTAS2R10,

but not dTas2r10, was seen in the initial testing at concentrations of 2.7 and 8.3mM,
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while higher concentrations of 25mM resulted in no specific response. However, this

was not confirmed in the repeat phase of testing (Figure 2.47B).

Strychnine was found to activate hTAS2R10 at a concentration of 2.5mM (Li et al.,
2008) or 3uM (Meyerhof et al., 2010). In this study hT2R10 was also activated by
strychnine at a threshold concentration of 37uM for the initial testing. The dog
orthologue was unresponsive. Sensitivity was reduced in the repeat phase testing

(Figure2.47B).

Sucralose was previously identified as an agonist of hTAS2R10, although test
concentrations were not published (Lossow et al., 2016). Here only hTAS2R10 was
responsive with a threshold concentration of 3.7mM based on the initial phase of

testing (Figure 2.47B).
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Figure 2.47: A. Compounds showing specific activity for hTAS2R10 but not
dTas2r10

A) Raw data for the highest concentration where a specific response was seen with
hTAS2R10. B) Full concentration-response data produced in an initial phase of
testing. C) Full concentration-response data produced in a repeat phase of testing. D)
Repeat testing on the FlexStation to confirm the result from the initial phase. The
initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).
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Figure 2.47: B. Compounds showing specific activity for h\TAS2R10 but not dTas2r10
A) Raw data for the highest concentration where a specific response was seen with
hTAS2R10. B) Full concentration-response data produced in an initial phase of
testing. C) Full concentration-response data produced in a repeat phase of testing.
The initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).
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2.4.2.7.2. Common responses of dog and human Tas2r10 in concentration-response
tests

Cucurbitacin B was identified as a potent ligand of hTAS2R10 previously, at a
concentration of 0.01uM (Meyerhof et al., 2010). This also proved to be the case for
dTas2r10, with both versions of the receptor having threshold concentrations of
0.68uM here. Cucurbitacin B proved to be an ideal ligand from a testing perspective,
being highly soluble and causing no response in the mock-transfected cells, even at
the highest tested concentration of 0.5mM (Figure 2.47). The ECso for dTas2r10 in
the initial phase was 1.46uM while in the repeat phase it was 13.18uM with 95%
confidence intervals of 10.69 to 16.09uM. The hTAS2R10 receptor had similar ECso
values of 3.37uM in the initial phase and 36.37uM (95% Cl 27.46 to 48.10) in the

repeat phase.
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Figure 2.48: Concentration-response data for Tas2r10 and cucurbitacin B

A) Raw data for the highest concentration where a specific response was seen with
dTas2r10. B) Full concentration-response data produced in an initial phase of testing.
C) Full concentration-response data produced in a repeat phase of testing. The initial
phase includes FlexStation data produced at the Waltham laboratory (n=1, error
bars=SD). The repeat phase includes data produced at the IMAX Discovery laboratory
with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

The monoterpene (-)-a-thujone was previously identified as an agonist of hTAS2R10
with a threshold concentration of 100uM (Meyerhof et al., 2010). In this study
hTAS2R10 and dTas2r10 were activated by this compound, with a threshold
concentration of 77uM and 2mM, respectively, based on the initial testing phase
(Figure 2.49). Activation of dTas2r10 was very weak and did not show evidence of
dose dependency. The specific activation of dT2R10 was not replicated in the repeat

phase and it was not considered a hit compound here.
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Figure 2.49: Concentration-response data for Tas2r10 and (-)-a-thujone

A) Raw data for the highest concentration where a specific response was seen with
dTas2r10. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). D) Full concentration-response data produced in a repeat phase of testing. The
initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Tuning of dTas2r10 appears to be much narrower than that of hTAS2R10. Numerous
published responses of hTAS2R10 were replicated in this study but dTas2r10
responded robustly to only one compound, cucurbitacin B. While the ECs for
cucurbitacin B was similar for both receptors the maximal stimulation level with
dTas2r10 was approximately half that of hTAS2R10. This may indicate that
cucurbitacin B acts only as a partial agonist of dTas2r10, but without another
common agonist for both receptors to show that maximal stimulation was equal in

both cases this observation is speculative.
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2.4.2.8. Tas2rl12 concentration-response testing

TAS2R12 is a pseudogene in humans, but appeared to be a full length functional
gene in dogs. Only four compounds were selected from the pre-screen for
concentration-response testing in the initial phase and of these only one was carried

forward to the retesting phase.

Flavone gave a seemingly robust response in the initial testing phase, but this was
not replicated in the repeat phase (Figure 2.50). Repeating this test under the same
conditions as the initial testing showed a response similar to that previously

obtained. It is not clear why this was not seen during the repeat phase testing.
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Figure 2.50: Concentration-response data for Tas2r12 and flavone

A) Raw data for the highest concentration where a specific response was seen with
dTas2r12. B) Full concentration-response data produced in an initial phase of testing.
C) Full concentration-response data produced in a repeat phase of testing. D) Full
concentration-response data produced in a repeat of the initial phase of testing. The
initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Without a comparable human orthologue the tuning breadth of dTas2r12 can only
be evaluated based on the data generated here. With only one active compound
tuning would appear to be narrow. However, flavone is the simplest member of a
large group of compounds collectively known as the flavones. All share the basic
structure of flavone, but have additional chemical features. It would be interesting to
test a wider array of these compounds, particularly as two human receptors,

TAS2R14 and TAS2R39, are broadly responsive to this compound class.
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2.4.2.9. Tas2r38 concentration-response testing

A total of 18 compounds were taken through to the initial concentration-response
phase of testing for Tas2r38. Only four were taken forward to the repeat testing

phase.

Sinigrin is a known ligand of hTAS2R38(PAV) with a threshold concentration of
100uM (Meyerhof et al., 2010). In the initial testing a threshold of 617uM was
observed for hnTAS2R38(PAV), while dTas2r38 was unresponsive. This was not
confirmed in the repeat testing phase however, where no specific responses were

seen (Figure 2.51).
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Figure 2.51: Concentration-response data for Tas2r38PAV and sinigrin
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A) Raw data for the highest concentration where a specific response was seen with

hTAS2R38. B) Full concentration-response data produced in an initial phase of

testing. C) Concentration-response data from the initial phase testing limited to the

highest concentration where a specific response was seen (no activation in the mock
cell line). D) Full concentration-response data produced in a repeat phase of testing.
The initial phase includes FlexStation data produced at the Waltham laboratory (n=1,

error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

(-)-a-Thujone was not previously shown to be active with hTAS2R38(PAV) (Meyerhof

et al., 2010). No activity with hTAS2R38(PAV) was seen in this study either, but in the

initial testing phase dTas2r38 did show some specific activity with a threshold

concentration of 231uM. However, this was not confirmed in the repeat phase of the

testing (Figure 2.52). A further test was carried out under the same conditions as the

initial phase testing but the original response was not replicated. Given the lack of

reproducibility of this result (-)-a-thujone is not considered to be a dTas2r38 agonist

at this time.
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Figure 2.52: Concentration-response data for Tas2r38PAV and (-)-a-thujone

A) Raw data for the highest concentration where a specific response was seen with
dTas2R38. B) Full concentration-response data produced in an initial phase of
testing. C) Full concentration-response data produced in a repeat phase of testing. D)
Repeat testing on the FlexStation to confirm the result from the initial phase. The
initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

The known hTAS2R38 ligand PROP was also tested in the repeat phase. With
hTAS2R38(PAV), PROP has been shown to have a threshold concentration of 0.06uM
(Meyerhof et al., 2010). This high sensitivity to PROP was not replicated in this study,
although some specific activity to PROP was detected with hTAS2R38(PAV) in the
initial testing phase, with a threshold concentration of 35uM. However, this was not
confirmed in the repeat testing phase. Activity for dTas2r38 was observed, but only
with very high concentrations that also activated the mock-transfected cells (Figure

2.53). This was not considered a hit for dTas2r38.
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Figure 2.53: Concentration-response data for Tas2r38PAV and PROP

A) Raw data for the highest concentration where a near-specific response was seen
with hTAS2R38. B) Full concentration-response data produced in an initial phase of
testing. C) Concentration-response data from the initial phase testing limited to the
highest concentration where a specific response was seen (no activation in the mock
cell line). D) Full concentration-response data produced in a repeat phase of testing.
The initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

The related compound PTC is also a known ligand for hnTAS2R38(PAV) with a
threshold concentration of 0.02uM. In this study a much higher threshold of 277uM
was observed for hTAS2R38(PAV). Responses for dTas2r38 were only seen at
concentrations that also activated the mock-transfected cells, but this was not

confirmed in the repeat testing phase (Figure 2.54). This was not considered a hit for

dTas2r38.
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Figure 2.54: Concentration-response data for Tas2r38PAV and PTC

A) Raw data for the highest concentration where a near-specific response was seen
with hTAS2R38. B) Full concentration-response data produced in an initial phase of
testing. C) Concentration-response data from the initial phase testing limited to the
highest concentration where a specific response was seen (no activation in the mock
cell line). D) Full concentration-response data produced in a repeat phase of testing.
The initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

2.4.2.10. Tas2r39 concentration-response testing

A total of 14 compounds were selected for the initial phase of concentration-
response testing with Tas2r39. Of these only three showed evidence of specific
activity and were taken to the retesting phase.

Acetaminophen was previously noted as a hTAS2R39 agonist at concentrations of
10mM (Li et al., 2008) or 3mM (Meyerhof et al., 2010). In the initial testing phase a
threshold concentration of 1.85mM was observed for hTAS2R39, while dTas2r39 was
unresponsive. The repeat phase testing showed a large drop in baseline signal at the

point of compound injection. This masked the response of hTAS2R39 in the response
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curves, but inspection of the raw data did show evidence of a specific response in

hTAS2R39 only (Figure 2.55).
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Figure 2.55: Concentration-response data for Tas2r39 and acetaminophen

A) Raw data for the highest concentration where a specific response was seen with
hTAS2R39. B) Full concentration-response data produced in an initial phase of
testing. C) Full concentration-response data produced in a repeat phase of testing. D)
Raw data traces from one run of the repeat phase testing. Concentrations are the
same as for panel C. The initial phase includes FlexStation data produced at the
Waltham laboratory (n=1, error bars=SD). The repeat phase includes data produced
at the IMAX Discovery laboratory with the Hamamatsu FDSS/uUCELL system (n=3,
error bars=SEM).
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Sucralose is also a known ligand of hTAS2R39 (Lossow et al., 2016). In the initial
testing phase a threshold concentration of 11.1mM was observed. This was

confirmed in the repeat phase testing. The dog orthologue was unresponsive (Figure

2.56).
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Figure 2.56: Concentration-response data for Tas2r39 and sucralose

A) Raw data for the highest concentration where a specific response was seen with
hTAS2R39. B) Full concentration-response data produced in an initial phase of
testing. C) Full concentration-response data produced in a repeat phase of testing.
The initial phase includes FlexStation data produced at the Waltham laboratory (n=1,
error bars=SD). The repeat phase includes data produced at the IMAX Discovery
laboratory with the Hamamatsu FDSS/UCELL system (n=3, error bars=SEM).

Thiamine was previously reported to be a ligand of hTAS2R39 with a threshold
concentration of 1ImM (Meyerhof et al., 2010). In the initial testing phase some
specific activity of Thiamine was observed, with a threshold of 11.1mM. The repeat
testing showed some issues with large drops in baseline signal at the point of

compound injection. Inspection of the raw data showed indications of a specific
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response for hTAS2R39 at 33mM and 11mM. The data was not convincing for dog
Tas2r39 and it was not considered to be a hit, despite some differences in the raw
data when compared to the mock-transfected cells in the repeat phase data at the

11mM concentration point (Figure 2.57).
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Figure 2.57: Concentration-response data for Tas2r39 and thiamine

A) Raw data for the highest concentration where a specific response was seen with
hTAS2R39. B) Full concentration-response data produced in an initial phase of
testing. C) Full concentration-response data produced in a repeat phase of testing. D)
Raw data traces from one run of the repeat phase testing. Concentrations are as for
panel C. The initial phase includes FlexStation data produced at the Waltham
laboratory (n=1, error bars=SD). The repeat phase includes data produced at the
IMAX Discovery laboratory with the Hamamatsu FDSS/UCELL system (n=3, error
bars=SEM).

The human TAS2R39 receptor is one of the most broadly tuned of all human TAS2Rs.
It was therefore somewhat surprising that the dog orthologue tested here was not

deorphanised. This finding warrants further investigation, and a broader screening of
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known hTAS2R39 ligands may confirm that dTas2r39 is functional in this cell model,

but much more narrowly tuned than its human orthologue.

2.4.2.11. Tas2r40 concentration-response testing

Only 5 compounds were selected from the pre-screening phase for concentration-
response testing with dTas2r40. Of these only diphenidol was a previously identified
ligand for hTAS2R40, with a threshold concentration of 30uM (Meyerhof et al.,
2010). However, no compounds showed evidence of specific activity in the initial test
phase and none were taken through to the repeat testing phase. In the case of
diphenidol, responses were not seen below concentrations of 93uM, at which point
the mock-transfected cells showed similar responses to the receptor-transfected

cells.

2.4.2.12. Tas2r41 concentration-response testing

A selection of 12 compounds from the pre-screening work were tested in the initial
concentration-response phase with Tas2r41. There are only 2 known agonists of
hTAS2R41, chloramphenicol and sucralose (Thalmann et al., 2013b; Lossow et al.,
2016). These were tested in the initial phase, but responses from human and dog

Tas2r41l were not apparent.

Oxyphenonium bromide showed evidence of specific activation with dTas2r41, while
hTAS2R41 was unresponsive. The maximum test concentration of 100mM caused
large non-specific artefacts in all tests, while the second concentration of 33mM also
caused this issue in the initial test phase. The threshold concentration for dTas2r41

was 1.24mM in the initial test phase (Figure 2.58).
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Figure 2.58: Concentration-response data for Tas2r41 and oxyphenonium bromide
A) Raw data for the highest concentration where a specific response was seen with
dTas2r41. B) Full concentration-response data produced in an initial phase of testing.
C) Concentration-response data from the initial phase testing limited to the highest
concentration where a specific response was seen (no activation in the mock cell
line). D) Concentration-response data from a repeat phase of testing limited to the
highest concentration where a specific response was seen (no activation in the mock
cell line). The initial phase includes FlexStation data produced at the Waltham
laboratory (n=1, error bars=SD). The repeat phase includes data produced at the
IMAX Discovery laboratory with the Hamamatsu FDSS/UCELL system (n=3, error
bars=SEM).
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2.4.2.13. Tas2r42 concentration-response testing

Four compounds from the pre-screen phase were selected for further testing with
Tas2r42, but no specific responses were identified for either dog or human versions
of the receptor. This receptor currently has no published ligand identified for any

species.

2.4.2.14. Tas2r43 concentration-response testing

Seven compounds from the pre-screen phase were tested in the initial
concentration-response phase with Tas2r43. Of these only aristolochic acid gave
specific responses with hTAS2R43, while dTas2r43 was unresponsive. In the initial
phase the maximum test concentration of 3.12mM was too high and gave large non-
specific responses in all cells (Figure 2.59). The maximum concentration was reduced
to 10uM in the repeat testing phase, where a threshold concentration of 0.12uM
was observed. This is higher than that published at 0.0013uM (Meyerhof et al.,
2010), but this is most likely related to the low sensitivity observed throughout most

of the repeat phase data.
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Figure 2.59: Concentration-response data for Tas2r43 and aristolochic acid

A) Raw data for the highest concentration where a specific response was seen with
hTAS2R41. B) Full concentration-response data produced in an initial phase of
testing. C) Concentration-response data from the initial phase testing limited to the
highest concentration where a specific response was seen (no activation in the mock
cell line). D) Concentration-response data from a repeat phase of testing limited to
the highest concentration where a specific response was seen (no activation in the
mock cell line). The initial phase includes FlexStation data produced at the Waltham
laboratory (n=1, error bars=SD). The repeat phase includes data produced at the
IMAX Discovery laboratory with the Hamamatsu FDSS/UCELL system (n=3, error
bars=SEM).
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2.4.2.15. Tas2r62 concentration-response testing

A total of 11 compounds were tested in the initial concentration-response testing
phase for dTas2r62. However, no evidence of specific responses was observed and

no compounds were tested in the repeat phase testing.

2.4.2.16. Tas2r67 concentration-response testing

Three compounds were tested in the initial concentration-response testing phase for
dTas2r67. However, no evidence of specific responses was observed and no

compounds were tested in the repeat phase testing.

2.4.3. Other responses

In some cases responses were observed in the initial phase of testing, but not
followed-up in the repeat phase. This was the case for several responses observed
with diphenidol. The human receptors hTAS2R7, hTAS2R10 and hTAS2R39 all gave
small, but statistically significant responses with diphenidol at 31uM, 11uM and
31uM, respectively. These responses were not completely specific, but in each case
the response of the receptor-expressing cells was above the response of the mock-
transfected cells. At higher concentrations the response of the mock-transfected
cells increased and the difference was less marked. These responses were
considered as partial evidence of receptor activation, however they are similar to
other published data for cat Tas2rs (Lei et al., 2015). The data was not as clear as for
other combinations and no dog receptor showed such responses, hence these

combinations were not taken to the retesting phase.

2.4.4. Comparison with the Gai6/gustas chimera based assay

During the course of the concentration-response testing it became clear that the
heterologous expression assay used here was only partially successful in replicating

previously published data for human TAS2Rs. Some receptor-compound

166



combinations gave data similar to that reported elsewhere, while others showed

either higher threshold concentrations or no activity at all.

The most obvious difference when comparing the assay system used here and that
which is most widely used in the literature is the G protein chimera. The Gais/gustas
chimera has been used in many publications, some of which related in vitro data
closely to in vivo taste perception thresholds (Bufe et al., 2002). In order to try to
resolve some of these differences, permission to use the Gai6/gustaa-expressing cell
line was sought from the patent holder, Givaudan. Permission was granted for the
scope of this project only, and the cell line was obtained via the laboratory of Loic

Briand at the Centre for Taste and Feeding Behaviour in Dijon, France.

To evaluate any differences in response profiles between the Gai6/gust/o and Gaie/gustas
cell lines, all 48 compounds in the test library were retested with both cell lines in a
full concentration-response experiment with dog and human Tas2r1. In general, the
responses of the two cell lines were similar, although in some cases Gai6/gustas Was
slightly less sensitive than the Gais/gust/o Cell line in these experiments.Figure 2.60
shows data for Tas2rl and (-)-a-thujone. In this interesting case data for the
Guaie/gust/o Was similar to that generated previously (Figure 2.18). With the Gais/gustasa-
expressing cell line responses with dTas2r1 transfected cells are reduced, while
responses in the mock transfected cells are elevated, rendering the identification of
a specific response impossible. This result matches published data for (-)-a-thujone
when tested using the Gais/gustas chimera (Meyerhof et al., 2010), where no response

was identified.
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Figure 2.60: Concentration-response curves for Tas2rl and (-)-a-thujone from
comparative testing with the A) Gai6/gust/o and B) Gaie/gustaa €xpressing cell lines
(n=1, error bars=SD).

Interestingly, no new responses were observed with Gaie/gustas. Compounds such as
diphenidol and parthenolide, previously published as hTAS2R1 agonists, but not
active with hTAS2R1 and the Gaie/gust/o Cell line, were also not active with the
Gaaie/gustaa cell line when tested here. These data indicate that assay sensitivity may
be more of a concern than pharmacological differences mediated by the different G-

protein chimeras. Some other aspect of the assay, perhaps handling of the cells or
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transfection protocol, must be playing a role in the poorer performance of the
Gaaie/gustaa cell line here. This may also be behind the lack of responses seen for the
Gaie/gust/o Cell line and some of the previously published active compound-receptor
combinations, and also for the elevated threshold levels seen for some of the active

combinations.

The impact of experimental protocol on assay sensitivity was clearly demonstrated in
the repeat phase work conducted at IMAX Discovery. Despite using the same cell line
and reagents, sensitivity between the two sets of experiments was quite different,
and in some cases previous hit receptor-compound combinations were not
replicated. A different instrument was used for the assay at IMAX Discovery, which
may relate to some of the differences seen. Some experiments where a hit was clear
in the initial phase, but not confirmed in the repeat phase, were repeated again
under the same conditions as for the initial phase at the Waltham laboratory. In
these cases the initial phase data was replicated, with the exception of (-)-a-thujone
with Tas2r38. Here the initial response was not replicated and so this was not
considered a hit combination. Where data were successfully replicated they have

been included in the summary (Table 2.6).

Despite these issues a total of 25 dog Tas2r-compound combinations were
identified, with 16 compounds stimulating 7 dog Tas2rs (Table 2.6). Interpretation of
tests where no response was seen is complicated by the assay sensitivity issues, and
a lack of response has not been classed as a negative result because of this.
However, 32 compounds did not give a convincing, dose dependent, repeatable

response with any of the dog Tas2rs tested here.
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Table 2.6: Summarised data for all dog Tas2rs deorphanised as part of this study

Threshold values are given as mM concentrations with ECsg values or not determined
(n.d.) in parentheses.

Compound dTas2rl dTas2r2 dTas2r4 dTas2r5 dTas2r10 dTas2r12 dTas2r41
1, 10-
Phenanthroline 0.37(n.d.) 1.10(n.d.) 0.37(n.d.)
6-Nitrosaccharin 0.12(n.d.)
(-)-a-Thujone 0.025(n.d.)
Aristolochic acid | 0.039
(0.041)
(-)-Camphor ~1.39(n.d.)
Chlorhexidine 0.033(n.d.)
Colchicine 1.24(n.d.) 11.10(n.d.) 3.70(n.d.)
Cucurbitacin B 0.00069
hydrate (0.0132)
Denatonium 0.41
benzoate (3.78)
Ethylpyrazine 3.70(n.d.)
Flavone 0.002(n.d.) 0.002(n.d.)
Aurintricarboxylic 0.004
0.062(n.d.) 0.007(n.d.) 0.021(n.d.)
acid (0.007)
L-Menthol 0.058(n.d.)
Ofloxacin 0.69(n.d.)
Oxyphenonium
bromide 3.70(n.d.) 1.24(n.d.)
Sucralose 3.70(n.d.)
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2.5. Discussion

In this chapter the receptive ranges of dog Tas2rs were explored using a
recombinant cell line and a calcium mobilisation assay. A panel of 48 compounds
were screened against dog Tas2rs and their human orthologues. In total 25 agonists
for dog Tas2rs were discovered, with 7 of the 16 identified dog Tas2rs being
deorphanised. Both similarities and differences between dog and human Tas2r
activity were seen in breadth of tuning and sensitivity, indicating that bitter taste

perception may not be assumed to be the same between these species.

2.5.1. Comparison of Tas2r responses with dog in vivo data

When dealing with human TAS2Rs there is a large amount of information on the
actual in vivo taste of the test compounds used here. They are known to taste bitter
in vivo and hence false negatives are easy to identify if all known hTAS2Rs are tested.
In dogs there is very little data on the taste or rejection of these compounds in vivo,

making false negative results more difficult to identify.

One of the few examples of a compound where dog in vivo data is available is
denatonium benzoate. This compound is often described as the most bitter-tasting
compound to humans, as it tastes bitter even at very low concentrations. Threshold
data for humans of different ages shows a threshold of between 10-35nM for the
compound (Schiffman et al., 1994). Data previously produced by Waltham (not as
part of this study) does show that dogs are also sensitive to the bitter taste of
denatonium benzoate, preferring plain water in a two-bottle choice test
(unpublished data). A study with 10 dogs at Waltham did not show rejection with
10uM denatonium benzoate, while a later study with 90 dogs and a test
concentration of 100uM did show clear, but not complete, rejection of the
denatonium containing solution (Figure 2.60), suggesting the threshold for rejection
in dogs is between 10 and 100uM. This data is in agreement with previously
published data for pigs (Nelson et al., 1997), which showed pigs reject denatonium

benzoate robustly at 100uM, but rejection becomes weaker at lower concentrations
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of 20 and 5uM. Similar data has been published for mice (Lossow et al., 2016). In
extensive in vitro testing, no mouse Tas2r was shown to have an activation threshold
lower than 100uM for denatonium, while lick ratio data indicated no changes
between concentrations of 0.03 and 0.3mM concentrations. Higher concentrations
of 3mM and above showed obvious reductions in licking. This would suggest lick
ratios were not affected until concentrations exceeded the minimum threshold for

any Tas2r.
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Figure 2.61: Responses of dogs to denatonium benzoate at a concentration of
100uM vs plain water

Dogs (n=90) were offered denatonium benzoate or plain water in a two-bottle, free
choice paradigm (previously unpublished data). Multifactor ANOVA analysis of the
variance between intakes (normalised for grams per kilogram bodyweight). A
significantly higher intake of water over denatonium benzoate was observed (p =
0.0000).

A higher threshold of detection for denatonium benzoate in dogs also fits with the in
vitro data generated here. The two most sensitive receptors for denatonium
benzoate in human TAS2R in vitro testing are hTAS2R30(47) and hTAS2R10
(Meyerhof et al., 2010). Dogs lack an orthologue for hTAS2R30(47). The dog

orthologue of hTAS2R10 was found to be unresponsive to denatonium (Figure
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2.47A). In fact only one dog receptor was found to respond to this compound,
dTas2r4. The human orthologue of this receptor has also been seen to respond to
denatonium (although it did not in this study) with a threshold concentration of
0.3mM (Meyerhof et al., 2010). The threshold of activation for dTas2r4 in the assay
used here was found to be 0.4mM, which did not match with that determined in
vivo. This may be due to lower sensitivity in the assay, or to another receptor with a

lower threshold that was not identified here.

Humans routinely respond to denatonium benzoate at concentrations of 22.3 uM
(10ppm). Levels of 67-111.5uM (30-50ppm) have been proposed as required
deterrents to ingestion of toxic household substances such as ethylene glycol-based
antifreeze in the US (ABA_Act, 2005). These concentrations should be well-above
threshold detection for humans, but may be close to threshold detection for pet
animals such as dogs. Given the potential for individual variation in taste thresholds
for denatonium, a higher upper limit might be considered if deterring ingestion by

pet animals was a primary concern.

2.5.2. Dog Tas2r-responsive ranges and breadth of tuning

In some cases sufficient data was collected to give some insight into the breadth of
tuning of dog Tas2rs. In the case of dTas2r10, a positive hit was identified with two
compounds, (-)-a-thujone and cucurbitacin B. Cucurbitacin B had a very similar
activation threshold and ECsg to the orthologous human receptor. However, the
human receptor also responded to 8 other compounds in the initial phase of
concentration-response testing. This data would suggest a difference in tuning

breadth for the two orthologues, with dog being noticeably more narrowly tuned.

For Tas2rl although the array of compounds found to activate the dog and human
orthologues was slightly different, the total number of compounds activating each
receptor was similar. This would indicate a similar breadth of tuning for these
receptors. However, the 48 compounds tested in this study are only a small sample

of those available, and those tested in the concentration-response phases were
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already pre-screened for activity with dog Tas2rs, which might bias the selection in

favour of active compounds for dog.

The dTas2r2 receptor appeared to be putatively functional based on the gene
sequence identified in Chapter 1. This was proven to be the case here, with 4
compounds showing activation of the receptor. This would appear to indicate an
intermediate breadth of tuning for this receptor. Another example of a Tas2r that
appeared to be functional in dog while being a pseudogene in humans was dTas2r12.
Only one activating compound for dTas2r12 was identified, the compound flavone,
also known as 2-phenylchromone, which is a flavonoid found in dill, pomegranate
and rosemary. Flavone is part of a large group of related compounds, and further
testing of this family with dTas2r12 may reveal more active compounds for this
receptor. Other putative dog Tas2rs without a functional orthologue in human,

namely dTas2r62 and dTas2r67, were not deorphanised in this study.

At the initiation of this study, dTas2r4 was annotated as a pseudogene in the
reference genome sequence (Shang et al., 2017). Based on the analysis done as part
of this project (Chapter 1) this was identified as incorrect, and the receptor proved to
be the second most broadly tuned dog receptor in the compound screening stage,
with six ligands identified. In humans TAS2R4 is regarded as having intermediate
tuning breadth, with 33 identified ligands in the BitterDB (Wiener et al., 2012;
Dagan-Wiener et al., 2018).

2.5.3. Pre-screening of dTas2rs with 48 compounds

At the initiation of this study the option of using a high-throughput screening
platform such as the FLIPR or FDSS/UCELL system was not available. The study plan
involved screening with the FlexStation only, and running all 48 compounds against
all 16 dog Tas2rs in a full concentration-response experiment was prohibitively time
consuming. In order to try to retain the library size of 48 compounds, but to reduce
the amount of time spent screening, a pre-screen phase was designed to highlight

compounds most likely to be a positive hit, for full concentration-response testing.
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Three compound concentrations were used in the pre-screen phase, the maximum
soluble concentration, followed by 1/10 and 1/100 dilutions. The main drawback of
such a pre-screen is that some compounds may result in specific responses without
any activation of the mock transfected cells only at concentrations falling between
any two of these points. In order to mitigate this risk some compounds were taken
through to the concentration-response testing phase based on their known activity
with orthologous human receptors, rather than their performance in the pre-screen
phase of testing. Most compounds tested showed a potential hit against at least one

dog Tas2r in the pre-screen phase.

This approach was partially successful and over 200 receptor-compound
combinations passed the selection criteria or were selected based on their
previously shown activity with human TAS2Rs. Of those that were selected based on
their activity in the pre-screen phase, responses showed typical receptor-mediated
response characteristics and were specific for dTas2r-expressing cells when
statistically compared to mock-transfected cells at one or more of the three tested

concentrations.

Only potential agonists were identified here. It is quite possible that in some cases
an agonist for the orthologous human receptor might act as an antagonist with the
equivalent dog receptor. Screening for antagonists is perfectly feasible with the
same assay components used for agonist screening, only the assay protocol needs to
change to include stimulation of the cells with a constant concentration of an agonist

while varying concentrations of the test compound are applied.

2.5.4. Concentration-response screening of dog and human Tas2rs

During the concentration-response testing phase it became clear that some variation
between independent experiments was inevitable, and at least three replicate
experiments would be required to add confidence to the data. This was not
achievable with the FlexStation due to time constraints, and so access to a high-

throughput system was investigated further. Arrangements were made to perform
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the repeat phase of the testing at the IMAX Discovery laboratories in Milan, ltaly,
using the Hamamatsu FDSS/UCELL system. This data added to the data generated on
the FlexStation, and ensured that results were reproducible in a different lab with a

different instrument.

Some differences in the data were observed. In the majority of cases the data
generated at the IMAX Discovery laboratory showed lower sensitivity than that
generated at the Waltham laboratory. This was reflected in higher threshold values
and/or lower AF/F values. The reasons for this are not completely clear, but may be
related to the change in instrumentation. Many other different factors can impact on
assay performance. Treatment of the cell line during growth, and transfection and
cell density on the microplate can influence the performance of the system. Also,
having no prior experience with the FDSS/UCELL system, its performance relative to
the FlexStation was not well controlled with, for example, repeated tests with ATP or
other stimulators of endogenously expressed receptors in the HEK cell line. However,
the majority (73%) of positive hits identified in the Waltham-based screening were
also positive at the IMAX Discovery laboratories, indicating that these hits were

robust and repeatable.

In some cases where a hit on the FlexStation was not replicated on the FDSS/uCELL
system a repeat experiment was subsequently run at Waltham. Five of these
experiments were performed, with 4 replicating the original results. In most cases
results exclusive to a human TAS2R were not repeated, as human TAS2R responses
were not the focus of this study. However one example was repeated, hTAS2R10
with chloramphenicol, which was confirmed. The response of dTas2r38 to (-)-a-
thujone was not confirmed in either the repeat phase or a subsequent repeat test at
Waltham. The original result was quite clear and the reasons for the lack of
reproducibility in this test are not known. These data would suggest that generally
the differences in sensitivity between the initial and repeat phases of the study were
the cause here, and that the positive responses observed in the FlexStation data are

reproducible.
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2.5.5. Comparison of Tas2r responses with published data

In some cases, no responses to compounds previously shown to stimulate human
receptors were observed for either dog or human tests. Diphenidol and quinine are
two examples where specific responses were not identified, with responses in the

mock transfected cells being present.

Where discrepancies exist, the most obvious difference between the system used
here and that used in other work is the choice of G protein chimera. The cell line
used here stably expresses a Gais/gust/o Chimeric G-protein, not the Gaie/gustas chimera
used in many published studies. At the time of starting this study the Gai6/gustas
chimera was not available as it is patent-protected. Therefore, the Gai6/gust/o Chimera
was used and many robust hits have been generated with this cell line. However,
without direct comparison with the Gaie/gustas-expressing cell line under the same
conditions it was not possible to determine the impact of the different chimera.
Therefore, access to the Gais/gustas Cell line was obtained later in the project and a

screen of all compounds against dog and human Tas2r1 was performed.

The data from this screen showed that the influence of the G-protein chimera was
not easy to identify. The Ga1e/gustas Cell was, in most cases, no more sensitive than the
Gaie/gust/o Cell line. Therefore some aspect of the system other than the G protein
chimera must be involved. For example (-)-a-thujone was identified as a Tas2r1 hit
for both human and dog with the Gaie/gust/o Cell line. Previously, this was not found to
be the case for hTAS2R1 with the Ga1e/gustas cell line (Meyerhof et al., 2010). In the
published data a maximum concentration of 0.3mM was used for this compound, as
higher concentrations gave activation on the mock-transfected cells. This was also
the case here with the Gaie/gustas cell line, but the Gaie/gust/o cell line only showed non-
specific responses in the mock-transfected cells at higher concentrations, meaning a
specific response at 0.69mM could be observed. Such differences in the sensitivity of
the mock cells to certain compounds may be related to the clonal selection of the G
protein expressing cell lines. If such responses are mediated by other cell-surface

receptors endogenously expressed by the HEK cell line, the level of these could vary
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between clonal cell populations and result in differences in cell sensitivity to some
compounds. This could dictate the maximum concentration of a compound that may
be tested successfully and so allow some cell lines to show specific responses to

higher compound concentrations.

Some other results point more towards a specific difference in the behaviour of the
different cell lines, possibly related to the differences in the G-protein chimera. For
example a lack of response of hTAS2R5 with its ligand 1, 10-phenanthroline was
observed, along with several other instances of human TAS2Rs not giving responses
to compounds previously identified as ligands. These data may represent issues with

the performance of the Gaie/gust/o Cell line, or they may be related to assay sensitivity.

Another example of differences between the data presented here and previously
published data can be seen with the performance of the assay with diphenidol.
Diphenidol is the most prolific stimulator of TAS2Rs yet found, activating 15 of the 25
human TAS2Rs (Meyerhof et al., 2010). Activating concentrations range from 3-
100uM for the different active receptors. No activity was seen in any of the dTas2rs
with this compound, and only a few instances of activation with hTAS2R7, 10 and 39
were recorded in the concentration-response initial phase testing, with a threshold
concentration of 93uM. However, even these responses had weak activation of the
mock-transfected cells, albeit less than for the receptor-transfected cells. Without
any evidence of activation of dTas2rs, diphenidol was not taken to the repeat phase
of concentration-response testing, however small changes like a slightly less-
sensitive mock cell line or slightly better sensitivity in the receptor-transfected cells
might have produced several more positive receptor-compound combinations. While
the responses with the hTAS2Rs were not strong, such data has been published as
evidence of positive responses before. In a publication focussing on cat Tas2rs (Lei et
al., 2015), the data in Figure 2.62 was cited as evidence for activation of cat Tas2r46
and Tas2r67 by diphenidol. In both cases the response in the receptor-transfected
cells was accompanied by a smaller response in the mock-transfected cells, matching

the data generated here for hTAS2R7, 10 and 39.
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Figure 2.62: Cat Tas2r calcium response data reproduced from Lei et al. (2015)
Published data to support the identification of diphenidol as a ligand of cat Tas2r46
(F labelled panels) and Tas2r67 (G labelled panels). In the response trace data black
traces represent receptor-transfected cells and grey traces represent mock-
transfected cells. Bar charts show black columns for the receptor-transfected cells.
Data was calculated from three technical repeats from one experiment (n=1). Two-
tailed Student’s t-tests were performed to determine when responses from Tas2r-
transfected cells were significantly different from that of mock-transfected cells.

Small responses like those observed for diphenidol may warrant further
confirmation. The generation of cell lines stably-expressing the Tas2rs of interest
should result in a greater signal output, with all cells expressing the receptor rather
than only the percentage of cells successfully transfected. This should improve both
assay sensitivity, and experimental reproducibility, as any variability associated with
the transfection step is removed. The development of stable cell lines may be
particularly attractive where only one, or a small number of Tas2rs are required for

study.

There are other factors that might cause the data generated here to not agree
entirely with some of the published human data. Two of the largest published
deorphanisation studies (Meyerhof et al., 2010; Lossow et al., 2016) on human and

mouse Tas2rs were performed on the Fluorescence Imaging Plate Reader (FLIPR)
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instrument (Molecular Devices, San Jose, USA). The pre-screen and initial phase of
the concentration-response testing for this study were performed on the FlexStation
3 (Molecular Devices, San Jose, USA), and the repeat phase of the concentration
response testing on the FDSS/UCELL instrument (Hamamatsu, Japan). While all
instruments can run the same assays their signal detection technology is different.
The FLIPR uses a Charge Coupled Device (CCD) camera while the FlexStation uses a
photomultiplier (PMT), and the Hamamatsu a different CCD camera. Excitation
sources also differ between instruments. Differences between the data generated
here with the FlexStation and the Hammamatsu FDSS/UCELL system were apparent,

and a similar situation might be seen if a FLIPR system was used.

In the pre-screen phase, test compounds were plated out and stored at -20°C until
the day of testing. It is possible that this might affect the data, but it was not possible
to prepare all compounds on the day of testing due to the time restrictions of
running the assay. However, compounds for the subsequent concentration-response
testing were prepared on the day of testing without any freezing, as less compounds

were required each day.

Transfection of plasmid DNA without a Tas2r in the multiple cloning site (MCS) was
used as a mock control in all experiments. This was considered to be the best option,
showing that the transfection process itself and the expression vector caused no
fundamental issue with the response of the cells. It is also the most widely-used
method in the literature. An additional control could be the testing of un-transfected
cells. This might highlight any effect of the transfection process on factors like the

non-specific response of cells to compounds at higher concentrations.

However, all of these points must be must be viewed in the overall context of
experiments using recombinant cell lines. While assays employing chimeric G
proteins offer several advantages in relation to their ability to provide rapid and
reproducible test systems, which are amenable to high throughput screening, they
also have some disadvantages. Fundamentally the use of native Gagust and the

measurement of its direct downstream effects would be preferable to the use of any
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chimera. Calcium may still be useful as a readout in a native system due to the action
of both the Gggust subunit and the Gg, complex. In work on the isolation and
propagation of primary taste cells, measurable calcium responses have been
recorded when cultured native cells are stimulated with bitter tasting compounds
(Ozdener et al., 2013). Such work could complement studies using recombinant

systems.

2.5.6. Summary

In this study all putative dog Tas2r genes were transfected into a cell line
constitutively expressing a Gais/gust/o Chimeric G-protein, and were screened against a
library of 48 chemicals known to taste bitter to humans. A pre-screen phase was
used to highlight compounds acting as potential ligands for dog Tas2rs before two
phases of concentration-response testing were performed with both dog Tas2rs and

their human orthologues.

In total 7 of 16 putative dog Tas2rs were deorphanised, with differences in both
compound binding profile and breadth of tuning being demonstrated when
compared to orthologous human TAS2Rs. Threshold and ECsp concentrations were
determined where possible, although most compounds showed low affinity,
meaning high uM or low mM concentrations were required for receptor activation.
This often caused the mock-transfected cells to respond, limiting the possible testing

range and the ability to determine ECso concentrations.

In many cases data generated here were similar to those published elsewhere,
although there was a tendency for threshold concentrations to be higher here. In
some cases previously published active receptor-compound combinations did not
show specific activity here, which may be related to assay sensitivity or to
differences between the G protein chimera used here and that used in the majority
of published work. Both G protein chimeras were tested here with Tas2rl, but
differences in assay specificity were not apparent, indicating that assay sensitivity

here was not primarily related to the sequence of the G protein chimera. Due to the
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lower sensitivity of the assay observed here caution should be exercised in

interpreting lack of activity as a truly negative result.

A pre-screening strategy was used to highlight active compounds and reduce the
amount of concentration-response testing required. However, in some cases
compounds may only stimulate receptors specifically within a very narrow
concentration range. This may mean some receptor-compound combinations were
missed as the pre-screen was conducted with only three concentration points. Full
concentration-response testing of any compound-receptor combinations that were

not so tested here may yield further active compounds.

Assay sensitivity varied between the two phases of concentration-response testing.
This could be due to several factors such as variation in cell handling, transfection
efficiency, dye loading and the performance of the instrument used for the calcium
mobilisation assay. One way to reduce these sources of variation would be to
develop cell lines stably expressing the Tas2rs. This should also increase assay
sensitivity, as all cells should respond to an activating compound, rather than just
those successfully transfected. Another strategy which may be beneficial is the use
of a luminescent based readout in the assay. Several compounds showed evidence
of some level of autofluorescence here, and an assay that is insensitive to this may

give clearer results in these cases.

The data generated here show that both receptor binding profile and breadth of
tuning can vary between orthologous receptors in different species. This isin
agreement with work done by Lossow et al. (2016), which showed that mouse Tas2rs
can differ from their human one-to-one orthologues in both their ligand binding

profile and their breadth of tuning.
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Chapter 3. Tas2r expression in dog fungiform taste papillae

3.1. Introduction

3.1.1. Taste papillae

Taste papillae are specialised structures on the surface of the tongue. Certain kinds
of taste papillae house taste buds and are referred to as gustatory papillae. Other
papillae have no taste buds associated with them and are referred to as non-
gustatory papillae. Taste buds are small collections of specialised cells that detect
taste-active molecules in the oral cavity, the activation of which is interpreted as the

sense of taste.

The first description of taste papillae came from Marcello Malpighi in 1686 (Witt et
al., 2015). Non-gustatory filiform papillae cover the surface of the tongue while
gustatory papillae are distributed unevenly with certain types being more or less
prevalent in certain areas, a pattern which is largely conserved in mammals. There
are three types of mammalian gustatory papillae, fungiform (mushroom-like), foliate

(leaf-like) and circumvallate (surrounded as if by a rampart) (Figure 3.1).

Fungiform papillae are small pink elevations mostly occurring on the anterior portion
(the portion extending from the line of circumvallate papillae to the tongue tip) of
the tongue surface. The morphology can be quite variable with papillae being more
or less pronounced in different areas. In humans there is a greater concentration of
fungiform papillae towards the tip of the tongue (Miller, 1986). In the dog the
arrangement of the taste papillae is similar to that for human. Fungiform papillae are
evenly distributed over the dorsum (Tuckerman, 1890) or slightly concentrated
towards the tip (Holland et al., 1989). They have variable numbers of taste buds but
on average there are 3.5 per papilla in humans (Miller et al., 1990a; Miller et al.,
1990b). This was found to be similar in dogs with an average of 3 and no more than 6
taste buds per fungiform papilla reported by Holliday (1940), and an average of 4-5
and no more than 9 reported by Holland et al. (1989), which in both cases appeared

only on the dorsal surface of the papillae. Humans have fungiform papillae that have
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no taste buds present (Arvidson et al., 1980; Miller et al., 1990b; Cheng et al., 1991)
but this does not appear to be the case for rats (Mistretta, 1984) where 98-99% of all

fungiform papillae contain a taste bud.

Circumvallate
Taste pore S =

Figure 3.1: Gustatory papillae and taste buds in humans

Circumvallate papillae house the greatest number of taste buds while fungiform
papillae have the least (reproduced from Chandrashekar et al. (2006)). TRC = Taste
Receptor Cells.

Circumvallate papillae form a “V” shaped line across tongue in humans and this
appears to be conserved in the dog (Holliday, 1940). Humans have between 4 and 18
circumvallate papillae with an average of around 9 (Munch, 1896). Dogs have
between 4 and 6 circumvallate papillae (Holliday, 1940). The circumvallate papillae
have numerous taste buds with average values per papillae of around 250 for
humans (Witt et al., 2015), the majority of which occur in the sidewall of the

papillae.

Foliate papillae are located on the sides of the tongue at the mid region in parallel
rows of ridges and are perhaps the least studied type generally. Dogs do have
linearly arranged finger-like protrusions but they do not contain any lingual taste

buds (Haddad et al., 2019). This is also the case in cats, but the significance of this
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difference in these two species of carnivora when compared to humans, primates

and other mammals is not clear.

Taste papillae density has in some cases been linked to so-called supertasting in
humans. The concept of supertasting is not particularly well-defined, being used to
describe a specific taste sensitivity to the chemicals PTC and PROP in some cases and
also being used to describe general taste sensitivity in others. Evidence that
fungiform papillae density is linked to taste sensitivity is somewhat inconsistent.
Sucrose taste threshold was shown to be correlated with fungiform taste papillae
density on the anterior portion of the tongue (Miller et al., 1990b; Zhang et al.,
2009), whereas citric acid shows inconsistent results between two studies (Miller et
al., 1990b; Zuniga et al., 1993). PROP also showed inconsistent results between
different studies (Miller et al., 1990b; Garneau et al., 2014). It is also the case that
variation in taste papillae density may not always be comparable between species

due to different average numbers of taste buds on individual fungiform papillae.

3.1.2. Taste buds

Taste buds have been described as goblet-shaped organs, taste goblets, taste buds
or taste onions. Taste buds are located in the gustatory papillae, but can be present
in other regions of the oral cavity including the larynx, upper oesophagus,
oropharynx and epithelium of the palate (Witt et al., 2015). Humans may have more
taste buds than dogs on average but numbers vary between individuals, and are
most marked in the circumvallate papillae. In humans, the largest proportion of taste
buds occur in the circumvallate papillae (48%) while foliate (28%) and fungiform
papillae (24%) have less. The total number of taste buds in the fungiform papillae are
not thought to be hugely different from those observed in puppies, at around 1000
(Miller et al., 1990b; Miller et al., 1990a). More taste buds are present in the
circumvallate papillae (~240) (Miller and Bartoshuk 1991) and there are on average
more circumvallate papillae (4-18 mean 9.2 + 1.8) (Munch, 1896) giving a total of
around 2000 taste buds located in the circumvallate papillae. In addition to taste

buds on the dorsal side of the tongue there are extra-lingual taste buds located in
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the walls of the oral, pharyngeal and laryngeal cavities in both dogs (Kitchell, 1978)
and humans (Lalonde et al., 1961). The total number of taste buds in humans can
vary widely between individuals (Table 3.1) but an average is 4600 (Witt et al., 2015).

For other animals, the number of taste buds can also vary.

Table 3.1: Number of taste buds in different animals adapted from Kare (1971)

Animal Number of taste Ref.
buds

Snake 0 Payne, 1945
Chicken 24 Linden Maier and Kare, 1959
Pidgeon 37 Moore and Elliott, 1946
Bullfinch 46 Duncan, 1960
Starling 200 Bath, 1906
Duck 200 Bath, 1906
Parrot 350 Bath, 1906
Kitten 473 Elliott, 1937
Bat 800 Moncrieff, 1951
Puppy 1706 Holliday, 1940
Human 9000 Cole, 1941
Pig and Goat 15000 Moncrieff, 1951
Rabbit 17000 Moncrieff, 1951

Webber, Davies and Kare,
Calf 25000

1961
Catfish 100000 Hyman, 1942

An average number of taste buds of 1706 was determined in three tongues from dog
pups distributed as shown in Figure 3.2 (Holliday, 1940). Of these 262 were in the
circumvallate papillae (determined for 1 tongue) and 1444 were found in the

fungiform papillae (average from three tongues).
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Figure 3.2: Graphic representation of the average total regional distribution of
taste buds over the entire dorsum of three puppy tongues

Fungiform papillae were studied for all three tongues while circumvallate papillae
were studied only for tongue number 2. Each area represents 73 sections of a 20
micron thickness. The positions of the circumvallate papillae in tongue number 2 are
plotted. Reproduced from Holliday (1940).

The structure of mammalian taste buds has been studied extensively. Taste buds
typically consist of up to 100 cells in humans (Chaudhari et al., 2010). They are
composed of a mixture of cell types, termed Type | (glial-like) cells, Type Il (receptor)
cells, Type Il (pre-synaptic) cells, Type IV (basal) cells, and Type V (peripheral) cells.
In the dog a detailed study by electron microscopy revealed a similar structure with
20-40 cells in each taste bud and identification of all the same cell types (Kanazawa,

1993).
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Type | cells are also referred to as glial-like cells due to the similarity in the roles they
play when compared to glial cells in the central nervous system. They express
enzymes that degrade ATP (Bartel et al., 2006) and they contain the GLAST
glutamate transporter (Lawton et al., 2000), which functions to terminate
transmission and stop the spread of transmitters. Some Type | cells also express the
K* channel ROMK which may play a role in excretion of excess K* through the apical
pore, so that Type Il and Type Il cells remain excitable with a hyperpolarised resting
potential. Type | cells have thin lamellae that wrap around the other cells of the taste

bud (Chaudhari et al., 2010).

Type Il cells are known as receptor cells because these cells have been shown to be
the only cells in the taste bud that express the G-protein coupled receptors
associated with sweet, umami and bitter taste (Matsunami et al., 2000; Tomchik et
al., 2007). Cells only express the receptors for one of these three taste modalities,
but cells expressing bitter receptors can express multiple Tas2rs simultaneously
(Adler et al., 2000; Behrens et al., 2007). Type |l cells do not have synapses, but
signal to sensory afferents or Type Il cells within the taste bud by ATP release

through the CALHM1 channel (Kinnamon, 2016).

Type Il cells form synaptic junctions with nerve terminals using ATP (Finger et al.,
2005) and are therefore known as pre-synaptic cells (DeFazio et al., 2006). They also
respond to sour stimuli (Huang et al., 2008) through the action of the proton-
selective ion channel Otop1 (Teng et al., 2019; Zhang et al., 2019) and to carbonation
in drinks (Chandrashekar et al., 2009).

Type IV cells are also known as basal cells and are undifferentiated or immature
taste cells (Chaudhari et al., 2010). These lie at the base of the taste bud and do not

extend to the apical pore.

Also known as “marginal cells” or “perigemmal cells” Type V cells may also be taste

bud stem cells (Farbman, 1980).
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3.1.3. Tas2r expression in taste bud cells

Tas2r expression has been detected in circumvallate, foliate and to a lesser extent
fungiform papillae (Adler et al., 2000; Matsunami et al., 2000; Lipchock et al., 2013).
Expression occurs in cells that are distinct from those expressing the receptors for
sweet and umami taste, supporting the “labelled line” model of taste coding (Figure
3.3) (Chandrashekar et al., 2006). Indeed, Mueller et al. (2005) showed that
expression of a Tas2r bitter receptor in sweet-sensing cells in transgenic mice caused

the mice to develop a preference for an agonist of the receptor.

Labelled-line model Across-fibre models

- Bitter
[ satty
- Sweet
] umami
I sour

Figure 3.3: Models of taste coding at the periphery reproduced from
Chandrashekar et al. (2006)

A) The labelled line model of taste coding where taste cells respond to one of the
five basic taste modalities and are innervated by an individual nerve fibre. B) and C)
Alternative “across-fibre” models where taste cells respond to multiple different
taste modalities and innervating nerve fibres carry information for multiple taste
modalities (B) or where taste cells respond to one taste modality but nerve fibres
innervate multiple taste cells sensing more than one taste modality (C).

Whether bitter-sensing cells express all Tas2rs or only some has been studied in
depth. Multiple expression of Tas2rs was demonstrated in early work in rats and
mice, where RNA in-situ hybridisation with up to 17 probes showed that most cells
expressed most Tas2rs (Adler et al., 2000). More recently, the number of TAS2Rs to
be expressed in any one cell has been refined to 4-11 in human bitter cells (Behrens
et al., 2007). This allows for the possibility that bitter tastes can be discriminated. It
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was also shown that all TAS2Rs were expressed in taste buds, indicating that despite
the roles of these receptors in other areas of the body (Finger et al., 2011; Lee et al.,

2012; An et al., 2018; Kok et al., 2018) they likely all play a role in taste too.

3.2. Aims of this chapter

This chapter aims to show the repertoire of Tas2r genes that are expressed at the
RNA level in dog fungiform taste papillae. Expression of Tas2rs in fungiform papillae
has been shown to be much lower and less frequent when compared to foliate or
circumvallate papillae (Adler et al., 2000). However, fungiform papillae are more
easily sampled than circumvallate papillae, and the fact that dogs appear to have no
taste buds in foliate papillae (Haddad et al., 2019) meant this was the best available
option for this study. This also presented an opportunity to study Tas2r expression in
fungiform papillae from different areas on the tongue. While the idea of a clearly-
defined taste map on the surface of the tongue has been acknowledged as incorrect,
it is still thought to be the case that sensitivity to different tastes can vary in different
areas (Higgins et al., 2019). This is presumably related to receptor expression, but

may be due to some other factor(s).

3.3. Materials and methods

3.3.1. Animals used in this study

Five adult dogs were used in this study, which was reviewed and approved by the
Waltham Animal Welfare Ethical Review Board. Papillae sampling was conducted
under Project Licence approval in accordance with Animals (Scientific Procedures)
Act 1986. Dogs were selected if they were due to undergo a scheduled veterinary
dental procedure involving general anaesthesia such as a dental scale and polish or a
tooth extraction. All dogs were given Acepromazine at 0.02mg/kg via intramuscular
injection, and Synthadon at 0.3mg/kg via intramuscular injection as their premed.

Propofol plus was given intravenously as the anaesthetic induction agent and
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isoflurane as the anaesthetic maintenance drug. Dogs were not anaesthetised

specifically for this study. The dogs used in the study are detailed in Table 3.2.

Table 3.2: Dogs used in this study.

Animal ID Name Age Weight Gender | Breed

(yrs) (kg)
LR0O5834 Womble 4.1 24.8 M Labrador Retriever
LRO5309 Keisha 6.3 18.4 F Labrador Retriever
LR05199 Elliott 7.4 24.1 M Labrador Retriever
BE06022 Dora 3.4 11.6 F Beagle
BE06014 Dodger 3.4 18.3 M Beagle

Dogs were maintained on standard diets of commercially-available pet food prior to
the study. Dogs were fasted before undergoing general anaesthesia according to

standard veterinary procedures.

3.3.2. Taste papillae biopsy procedure

Before fungiform papillae were sampled, the surface of the tongue was
photographed then stained using brilliant blue food colouring (Sensient, UK) at a
concentration of 1.5mg/mL in water. Plastic hole reinforcers were used as measuring
circles with an inner area of 0.8cm? and were placed onto the tongue in six positions
bi-laterally on the anterior portion of the tongue (Figure 3.4). Fungiform papillae
were counted within the inner area of the plastic circle and recorded. The procedure
for sampling the papillae was adapted from a previously-published protocol for
human papillae sampling (Spielman et al., 2010). Before sampling, the tongue was
stabilised by wrapping sterile gauze around it without obscuring the area to be
sampled. One finger was placed under the tongue to push the tongue from
underneath and make papillae sampling easier. Sprung micro-scissors were then
used to remove the papillae. One single fungiform papillae was removed from each

counted area and placed immediately into a 1.5mL DNA Lo-Bind tube (Eppendorf,
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UK) containing ImL RNALater (Thermo Fisher Scientific, UK). The tubes were
immediately placed on ice and transported to the laboratory where they were stored
at 4°C overnight, then transferred to a -20°C freezer for storage.

Dogs were monitored for 24hrs post-procedure for any signs of discomfort or any
changes to expected behaviour such as eating and drinking. No adverse observations
were made with any of the dogs sampled. Sampling and observation were carried

out by trained staff at Waltham.

o °‘° o \
| @ | @ BACK: Left, Right
@ @ ! MIDDLE: Left, Right
(O)l @ FRONT: Left, Right

@ = Hole reinforcer (inside area = 0.8cm?)

Figure 3.4: Papillae sampling sites on the tongue

Fungiform papillae were sampled from six different areas of the anterior portion of
the tongue. Hole reinforcers were used to define sampling areas and papillae were
counted within the centre area to estimate papillae density across the tongue.

3.3.3. RNA extraction

Fungiform papillae frozen in RNALater were thawed at room temperature. Papillae
were removed from the tube and RNA was extracted using the RNeasy Plus Micro Kit
(Qiagen, Germany) according to the manufacturer’s protocol for total RNA extraction
from animal and human tissues. Briefly, each papilla was placed into a separate 2mL
SafeLock DNA-LoBind tube (Eppendorf, UK) containing 350uL Buffer RLT and one

5mm stainless steel ball bearing. Buffer RLT contains the chaotropic and denaturing
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agent guanidine isothiocycanate, which serves to prepare the RNA for binding to the
purification column. The tubes were shaken using a Tissuelyser Il (Qiagen, Germany)
for 2 min at 20Hz. This step was repeated with the tubes rearranged so the
innermost tubes were now on the outer side to ensure that all samples received
equal treatment. Tubes were then spun in a centrifuge and the supernatant
pipetted-off and used for the rest of the procedure. As part of the procedure, DNA
removal was performed using the genomic DNA eliminator columns provided with
the kit. This method has previously been found to be superior to on-column DNA
digestion with DNase (unpublished observation). At the end of the procedure,
samples were eluted using 14ul of nuclease-free water. RNA quality assessment and
guantification was carried out using a Bioanalyser (Agilent, UK) with the RNA 6000
Pico Kit (Agilent, UK).

3.3.4. RNA sequencing

The primary method selected for expression detection and quantification was RNA-
sequencing (RNA-seq). RNA-seq is a technique that became possible with the
development of massively parallel sequencing, also known as next generation
sequencing (NGS). Essentially, the technique involves poly-A selection or ribosomal
RNA depletion followed by reverse transcription of an RNA sample to produce a
cDNA library. This is then sequenced via NGS and the reads produced are aligned to
a reference genome or transcriptome. The number of reads mapping to a particular
gene or transcript give an indication of the expression level of that gene. Previously
unknown transcripts and isoforms can be identified depending on how the data is
analysed. Overall the data can provide a view of the transcriptional activity of the
sample at the time of collection (Stark et al., 2019). As the samples were likely to
contain only a very small number of taste receptor cells (TRC) relative to the
surrounding epithelial cells, sequencing with high-depth coverage was chosen,

targeting ~40 million 150bp paired-end reads per sample.
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All RNA extraction, cDNA synthesis and amplification was performed at Waltham as
was all data analysis. The specialist task of library preparation and sequencing was

performed by the DeepSeq core facility at the University of Nottingham.

3.3.5. RNA amplification, library generation and sequencing

For RNA-Seq, the recommended amount of total RNA for input with the Illumina
TruSeq RNA Library Prep Kit v2 is 0.1-1ug of total RNA. This much total RNA was not
recovered from most of the samples and so an RNA-amplification technique was
used that is often applied with very small samples or for single cell RNA-seq. The
SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing (Takara Bio, USA) was used.
Input RNA for this kit is recommended as 10pg-10ng of RNA. The samples varied in
concentration, but some were as low as 0.5ng/ul. In order to use the same amount
of RNA for all library preps, 5ng were added for each sample to the reaction which in

some cases was the full RNA sample.

The SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing incorporates a
proprietary SMART® (Switching Mechanism at 5’ End of RNA Template) technology.
This technology relies on the template switching activity of reverse transcriptases to
enrich for full-length cDNAs and to add defined PCR adapters directly to both ends of
the first-strand cDNA (Zhu et al., 2001). This ensures the final cDNA libraries contain
the 5’ end of the mRNA and maintain a true representation of the original mRNA

transcripts (Figure 3.5).
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Figure 3.5: Flowchart of SMART cDNA synthesis

The SMART-Seq v4 Oligonucleotide, 3’ SMART-Seq CDS Primer Il A, and PCR Primer I
A all contain a stretch of identical sequence. The black star indicates a chemical block
on the 5’ end of the oligonucleotide (reproduced from the SMART-Seq® v4 Ultra®
Low Input RNA Kit for Sequencing User Manual).

For sequencing library generation, the Illumina Nextera XT kit was used. This step in
the sample preparation takes the cDNA library, fragments it to the appropriate size
and adds the required adapters for sequencing. Fragmentation is achieved by

transposomes in a process known as tagmentation (Figure 3.6).
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Figure 3.6: lllumina Nextera XT library preparation

Transposomes fragment and tag the DNA in a process called tagmentation. Reduced-
cycle PCR with primers matching the incorporated tag sequences is then used to add
index sequences and the lllumina P5 and P7 sequences which bind to the flowcell
(reproduced from the Nextera XT DNA Library Prep Reference Guide).

During the initial sample preparation, both the Nextera XT and the Nextera DNA Flex
library preparation kits were tried. The Nextera DNA Flex kit allows increased input
DNA which reduces the number of PCR cycles required in library preparation. This
can increase library complexity by reducing the number of PCR duplicates. However,
the Nextera DNA Flex kit did not appear to be resulting in complete tagmentation
while the Nextera XT kit did. All samples were processed with the Nextera XT kit
using the recommended 150pg of input cDNA by the DeepSeq core sequencing

facility at the University of Nottingham.
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For sequencing, the libraries were pooled at equimolar amounts and run together
over 3.6 high output 300 cycle NextSeq flow cells to deliver about 40 million 150bp
paired-end reads per sample, although there was some variability in the number of

reads generated for each sample.

3.3.6. RNA-seq data analysis

There are numerous strategies for RNA-seq data processing and analysis depending
on the situation (Conesa et al., 2016). One important factor is the availability and the
quality of a reference genome for the organism being studied. In the case of the dog,
the reference genome (Lindblad-Toh et al., 2005) is relatively good compared to
other non-model mammals. The reference transcriptome is also available. Two
analysis pipelines, one based on alignment to the transcriptome and one on
alignment to the genome were used here. This allowed comparison of the results
between the two approaches and increased confidence in the results where
agreement was seen. Prior to alignment, data was subjected to a QC process which

involved the trimming of sequencing adapters and the removal of poor quality reads.

For alignment to the transcriptome kallisto was chosen (Bray et al., 2016), which is
based on a technique known as pseudoalignment. Kallisto uses several techniques
that effectively reduce the time taken to align reads to a reference transcriptome by
two orders of magnitude compared to other approaches. The program makes use of
a concept called the transcriptome de Bruijn Graph (T-DBG), where reads are broken
down into k-mers (all possible sequences of length k using the four nucleotide bases
A, G CandT), and a read is assigned a k-compatibility class based on the possible

places in the transcript where the k-mer can align.

For alighment to the genome STAR (Spliced Transcripts Alignment to a Reference)
was used, which uses sequential maximum mappable seed search in uncompressed
suffix arrays followed by seed clustering and stitching procedure (Dobin et al., 2013).

STAR is notable for its speed and accuracy when compared to older alignment
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software. The STAR alignment was followed by read counting with the featureCounts

program (Liao et al., 2014).

Principle Component Analysis (PCA) was used to initially examine the relationships
between the samples. PCA is a multivariate technique useful for dimensionality
reduction while preserving variation in the data. It is quite well suited to visualisation
of RNA-seq data and can make differences in gene expression patterns easier to

identify when comparing groups of similar and different samples.

To test the hypothesis on the expression of Tas2rs in fungiform papillae from
different regions of the tongue, differential expression (DE) analysis was conducted
on the RNA-seq data. In this study edgeR (empirical analysis of differential gene
expression in R) (Robinson et al., 2010a) was used, as it is one of the more widely
used packages with good documentation. edgeR uses a range of statistical
techniques based on negative binomial distributions. Empirical Bayes estimation,
exact tests, generalized linear models and quasi-likelihood tests are all included in

the edgeR workflow.

3.3.7. Polymerase chain reaction

For a few selected samples, remaining cDNA libraries were tested for Tas2r
expression by PCR. This was done retrospectively after counts from the RNA-seq
data for Tas2rs were seen to be very low. JumpStart Taq ReadyMix (Sigma-Aldrich,
UK) was used in a 25uL reaction with 0.25uL of each target primer at a concentration
of 10uM, 2.0uL of the cDNA library and 10puL of nuclease free water (Qiagen,
Germany). PCR was performed as previously described (Chapter 2). Primers for PCR
were designed using Primer-BLAST (Ye et al., 2012). Default parameters were used
except for minimum product length, which was set to 500, and species, which was
set to Canis familiaris. For each receptor sequence, the top-ranked primer set was
chosen for synthesis by Eurofins Genomics (Ebersberg, Germany). Nucleotide
sequences used for primer design are detailed in Appendix 1.1. Primer sequences are

detailed in Table 3.3.
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Table 3.3: dTas2r primer sequences and expected product length
All primer sets designed for PCR of Tas2rs from cDNA libraries generated by SMART-
Seq amplification on dog taste papillae RNA.

Gene Forward Primer Reverse Primer Tm (°C) f/r | Product
length (bp)
dTas2r1 ACTACTGTGCCAAGATCGCC CGTGGAGGAGGAGCTTCTTT 59.3/59.3 573
dTas2r2 CAACACCAGTGCAACTCCTT ATTTGCCATGAAGGCAGCAA 57.3/55.3 632
dTas2r3 TGGGTGCACTGCTCTTATCG ACAGCACAGCATCTCCGTAA 59.3/57.3 500
dTas2r4 GCTCAATGCCTTGTACTGCG CCTGGAGGGTAAAAGCTGGA 59.3/59.3 519
dTas2r5 GTTTGCCACTTTCCTCAGCG TGGGATTCCCCAGGATCAGA 59.3/59.3 548
dTas2r7 TTAATGCTCGTAGCAGCTGGA | GACAGCTTTCATGGCTCCCA 57.9/59.3 687
dTas2r10 | ACTGGAAGGCCTCCTCATTTT GCTTCTGTACTGGGGTCTCG 57.9/61.4 657
dTas2r12 | GGCAGGCACAATGAAGAATGT | AGCCAGAGACACTGCAAAGG 57.9/59.3 589
dTas2r38 | TGTTGGCTCTGACTCCTGTT TGCCCTTACCTTAAGGCTGC 57.3/59.3 965
dTas2r39 | CACCATTTGGCATCCTCTCG GCTCTGATGGCCCCTATGTG 59.3/61.4 700
dTas2r40 | GAGCACAGATGCCACGGATA ACTGAGTGGCTAGCTGGGTA 59.3/59.3 870
dTas2r41 | CTCCACTGGGACTTCCTGAAC CAACAGAAGTAGCTGCCTGC 61.8/59.3 645
dTas2r42 | CAGAATCGCTCAGCTGTTGG GTCTCAGCTTGCTGTTTCCC 59.3/59.3 713
dTas2r43 | TTGTGATGCTGTTGGGGTCT AAGACACATGATGCTCCTCTTAT | 57.3/57.1 548
dTas2r62 | TGGGCTCCCTGGTCTTAGTT GAGCTTTCCAAAGCCTGGTC 59.3/59.3 504
dTas2r67 | GTGCTTCCACTGGGGTCTTT TGCCACAGTAGACCTAACGC 59.3/59.3 503

The PCR conditions were optimised for each primer set using dog genomic DNA as

template. Initially, all primer sets were tested with a standard 60°C annealing

temperature. Any primer sets showing weak or no amplification were run as a

gradient PCR with a range of annealing temperatures (50-60°C). Annealing

temperatures of 60°C were used, except with primers for dTas2r10 (50°C) and

dTas2r42 (52°C). If any primer sets still failed to yield satisfactory results, the second

primer set from the Primer-BLAST analysis was selected and tested in the same way.

PCR products were analysed using gel electrophoresis with one gel used for each

sample. Gels were run as described in Chapter 2.
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3.4. Results

3.4.1. Fungiform papillae biopsy

Fungiform papillae were easily identified on the anterior surface of the tongue in all

dogs examined (Figure 3.7).

Figure 3.7: Fungiform papillae on the anterior portion of a dog tongue

A) The dogs tongue stained blue to highlight the papillae. Fungiform papillae are
distributed evenly over the tongue dorsum with the exception of the tongue tip
where the papillae are denser. Some individual papillae are indicated by arrows. B)
Close-up of fungiform papillae on a dog’s tongue. Fungiform papillae are indicated by
arrows and are surrounded by non-gustatory filiform papillae.

Fungiform papillae were evenly distributed across the tongue with the exception of a
higher concentration occurring at the tip. Papillae counts in the sampled areas are
detailed in Table 3.4. The front location was not at the tip where the papillae were
denser, but slightly back from the tip (Figure 3.3). The papillae at the tip were
smaller and hard to sample. For dog LR05199, 2 papillae were collected from the
back right location and were pooled into one sample tube. These were treated as
one sample for further processing. For dog BE06022, a sample was not collected
from the front left location, but two samples were collected from the middle left

location. These samples were treated separately.
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Table 3.4: Taste papillae counts and densities from dogs
Papillae were sampled from the rear, middle and front area of the anterior portion

of the tongue.

Animal ID | Name Position on Papillae in 0.8cm? Papillae
tongue counting area (density collected
according to /cm?)

Figure 3.3

LRO5834 Womble | Back Left 6(7.5) 1
Back Right 5(6.25) 1
Middle Left 6(7.5) 1
Middle Right 5 (6.35) 1
Front Left 2(2.5) 1
Front Right 6(7.5) 1

LRO5309 Keisha Back Left 6(7.5) 1
Back Right 3(3.75) 1
Middle Left 3(3.75) 1
Middle Right 2(2.5) 1
Front Left 1(1.25) 1
Front Right 3(3.75) 1

LRO5199 Elliott Back Left 4 (5) 1
Back Right 5(6.35) 2
Middle Left 3(3.75) 1
Middle Right 4 (5) 1
Front Left 4 (5) 1
Front Right 3(3.75) 1

BE06022 Dora Back Left 10 (12.5) 1
Back Right 2(2.5) 1
Middle Left 6 (7.5) 2
Middle Right 3(3.75) 1
Front Left 4 (5) 0
Front Right 2(2.5) 1
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BE06014 Dodger Back Left 13 (16.25) 1
Back Right 5 (6.35) 1
Middle Left 6 (7.5) 1
Middle Right 6 (7.5) 1
Front Left 5(6.35) 1
Front Right 5(6.35) 1

3.4.2. RNA extraction

Extracted RNA from each sampled papillae showed some variation across the 30
samples. Quantification and quality assessment of the RNA is summarised in Table
3.5. An RNA Integrity Number (RIN) is given by the bioanalyser. The RIN relates to
the level of degradation the RNA has undergone, with 10 representing intact RNA
and 1 being completely degraded RNA (Schroeder et al., 2006). The impact of RNA
integrity on downstream performance in various applications has been investigated.
In gRT-PCR a RIN of >5 was found to be required (Fleige et al., 2006) while for RNA-
seq Shen (Shen et al., 2018) found that samples with RIN values of >5.3 gave almost
entirely equivalent results. At this point, two replicate sample IDs were created so
that one sample might be used as a technical replicate. Sample BE0O6022_6 was used
and 3 independent cDNA libraries were prepared from this sample. The sample IDs
BE06022_7 and BE06022_8 appear in Table 4.5 for reference only, the RNA sample

was not tested 3 times on the bioanalyser.
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Table 3.5: Quality and quantity of RNA extracted from dog fungiform papillae

Assessment using a Bioanalyzer and the RNA 6000 Pico Kit (Agilent, UK).

Sample ID Animal Name Position on | Concentration | RNA Total RNA
ID tongue (pg/uL) Integrity | (ng)

according Number

to Figure (RIN)

43
BEO6014_1 BE06014 | Dodger L-Front 3946.71 7.4 39.47
BE06014_2 R-Front 1129.99 7.9 11.30
BEO6014_3 L-Middle 7180.51 7.1 71.81
BE06014 4 R-Middle 2222.86 7.6 22.23
BE06014_5 L-Back 11968.64 5.9 119.69
BE06014_6 R-Back 1512.12 6.6 15.12
BE06022_1 BE06022 | Dora R-Front 41034.28 6.7 410.34
BE06022_2 L-Middle 654.49 8.5 6.54
BE06022_3 L-Middle 4433.50 8.2 44.34
BE06022_4 R-Middle 5060.85 8.2 50.61
BE06022_5 L-Back 3385.77 7.9 33.86
BE06022_6 R-Back 5356.78 8.2 53.57
BE06022_7 R-Back 5356.78 8.2 53.57
BE06022_8 R-Back 5356.78 8.2 53.57
LR05199_1 LR05199 | Elliott L-Front 6646.35 4.8 66.46
LR05199_2 R-Front 2234.28 7.3 22.34
LR05199_3 L-Middle 3390.72 7.0 33.91
LR05199_4 R-Middle 36372.18 5.3 363.72
LR05199_5 L-Back 16806.83 7.3 168.07
LR05199_6 R-Back 2246.31 7.0 22.46
LR05309_1 LR0O5309 | Keisha L-Front 1287.58 7.9 12.88
LR0O5309_2 R-Front 433.98 7.8 4.34
LR05309_3 L-Middle 543.16 8.3 5.43
LR05309_4 R-Middle 8588.27 7.2 85.88
LR05309_5 L-Back 1480.12 8.3 14.80
LR0O5309_6 R-Back 2974.08 8.3 29.74
LR05834_1 LR05834 | Womble L-Front 8006.17 7.0 80.06
LR05834_2 R-Front 12925.84 7.2 129.26
LR05834_3 L-Middle 92.45 1.0 0.92
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LRO5834_4 R-Middle 2083.39 7.3 20.83
LRO5834_5 L-Back 6847.27 7.1 68.47
LRO5834_6 R-Back 935.81 7.4 9.36

LR1534 1 LR1534 | Spike Kidney 2413.00 6.9 >1000
DIEC_1 DIEC - DIEC RNA 2632.23 7.5 26.32

The amount of RNA recovered varied from 4.34 to ~410ng. The Middle Left sample
for LRO5834 could not be recovered from the RNALater as it could not be seen and
so this sample is essentially a blank, meaning the observed concentration of
92.45pg/ul is no more than a background reading for the quantification technique.
The RIN for this sample was very low at 1 showing the absence of any significant
amount of intact RNA. Generally RIN values were above 7 for most other samples,
indicating high levels of RNA integrity. However, given that samples were submerged
in RNALater immediately after collection and that the samples are small and
therefore the RNALater solution should saturate the tissue quickly, a higher RIN
might have been expected. All but two of the samples still exceeded the RIN value of
5.3 determined to give equivalent results (Shen et al., 2018) and all samples still

warranted testing despite the slightly lower than expected RINs.

In addition to the papillae samples, two other RNA samples were included as
controls. The purpose of these samples was to allow some perspective to be seen
when comparing samples with techniques such as PCA. One RNA sample from an
immortalised Dog Intestinal Epithelial Cell line (DIEC) and one sample from dog
kidney were included in the analysis. The dog kidney sample was collected from a
dog at Waltham which was euthanised due to unrelated health reasons in

accordance with the Mars policy on the ethical treatment of animals.

3.4.3. RNA amplification

The performance of the SMART-Seq protocol was assessed by testing the samples
with the Agilent High Sensitivity DNA kit (Agilent, UK). Guidelines for the expected

results are given as part of the SMART-Seq manufacturer’s protocol. Successful cDNA
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synthesis should yield no product in the negative control and a peak centred at

around ~2500bp for the RNA samples (Figure 3.8).

Positive Control RNA, 10 pg . Negative Control

35 UL 1] 300 40 S0 60 100 2000 10380

Figure 3.8: Expected results for A) positive and B) negative control samples
following cDNA synthesis and amplification with the SMART-Seq® v4 Ultra® Low
Input RNA Kit for Sequencing

(reproduced from the SMART-Seq® v4 Ultra® Low Input RNA Kit for Sequencing User
Manual).

Results for the samples are collated in Figure 3.9. Sample LR05834 3 was the sample
where no taste papillae were recovered from the RNALater solution, and so was
effectively a negative control. Other negative controls were run for every run of the
SMART-Seq protocol and in all cases there was no visible cDNA peak in the
electropherogram (data not shown). All samples gave a peak within the expected
range. Samples with lower RIN numbers tended to give poorer results, with a peak

covering a larger range of smaller fragments.
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Figure 3.9: Electropherograms for all cDNA samples prepared with the SMART-
Seq® v4 Ultra® Low Input RNA Kit for Sequencing
(see Table 3.5 for sample annotation).
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Samples BEO6022_6, BE06022_7 and BE06022_8 represent technical replicates and
were all prepared from the same starting RNA sample. These were intended to
detect any variation introduced as part of the SMART-Seq amplification and the RNA-

seq library preparation and sequencing.

3.4.4. RNA sequencing

3.4.4.1. Sequencing library preparation

Sequencing libraries were prepared using the lllumina Nextera XT kit (lllumina, UK)
by the DeepSeq sequencing facility at the University of Nottingham. The
recommended 150pg of input cDNA was used with 12 PCR cycles. Superior
tagmentation was observed with the Nextera XT kit as opposed to the Nextera Flex

kit in a preliminary test, therefore the Nextera XT kit was used for all samples.

3.4.4.2. Sequencing

QC steps to remove sequencing adapters and poor quality reads, sequence
alignment and read counting were performed before some basic sequence quality
measures were calculated using the MultiQC package (Ewels et al., 2016). The mean
quality values for each base position in the read for each sample were plotted

(Figure 3.10).
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Figure 3.10: Sequencing quality (Phred score) for each base position in the read for
each of the 34 samples tested

The y-axis on the graph shows the quality scores. The higher the score, the better
the base call. The background of the graph divides the y axis into very good quality
calls (green), calls of reasonable quality (orange), and calls of poor quality (red).

All the sequencing was of good or reasonable quality. One sample (LR0O5834 4 S21
reverse read) highlighted in orange was flagged with a warning as the quality

degraded over the run slightly more than the others, but generally all data was good.
The STAR-based pipeline produced summary count information for all samples. A

summary of the alignment output is shown in Table 3.6. A suffix was added to the

sample IDs to aid with data processing.
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Table 3.6: Summary of alignment output after alignment with STAR

Sample Name % Proper % Aligned Aligned (Millions) Seqgs (Millions)
Pairs

BE06014-1_S5 63.90% 72.20% 33.2 46.3
BE06014-2_S6 67.00% 75.80% 36.5 48.3
BE06014-3_S7 66.20% 74.80% 37.7 50.6
BE06014-4_S8 61.90% 70.90% 38.8 55
BE06014-5_59 61.10% 72.40% 37.6 52.2
BE06014-6_S10 38.60% 53.60% 25 46.9
BE06022-1_S1 69.10% 76.90% 35.3 46.1
BE06022-2_512 70.30% 73.80% 41.4 56.4
BE06022-3_523 69.50% 75.90% 38 50.3
BE06022-4_529 71.40% 77.80% 38.4 49.6
BE06022-5_S30 63.00% 72.80% 37.5 51.7
BE06022-6_S31 69.40% 74.40% 37.9 51.2
BE06022-7_S26 71.60% 73.00% 41 56.7
BE06022-8_S27 72.40% 77.50% 38.4 49.8
LR05199-1_S11 43.50% 58.20% 25.2 43.7
LR05199-2_513 53.90% 68.50% 30.8 45.2
LR05199-3_S14 60.70% 72.80% 36.4 50.2
LR05199-4_S15 67.70% 75.80% 38.5 51.1
LR05199-5_S16 69.60% 76.80% 37.8 49.4
LR05199-6_S17 48.20% 61.10% 26.9 44.3
LR05309-1_S32 64.40% 73.60% 33 45
LR05309-2_S33 67.10% 68.80% 39 57
LR05309-3_S34 63.00% 66.50% 32.7 49.4
LR05309-4_S2 68.90% 75.50% 41.7 55.4
LR05309-5_S3 63.60% 72.90% 36.8 50.6
LR05309-6_54 71.40% 75.80% 39.3 52.1
LR05834-1_S18 67.70% 74.40% 29.9 40.5
LR05834-2_S19 72.50% 77.60% 29.8 38.7
LR05834-3_S20 36.20% 0.90% 0.1 6.4
LR05834-4_S21 66.10% 72.70% 20.7 28.6
LR05834-5_S22 66.40% 75.30% 34.9 46.4
LR05834-6_S24 64.40% 73.00% 34.6 47.6
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LR1534-1_S528 88.50% 87.30% 35.9 41.4

DIEC-1_S525 88.20% 87.80% 36.3 41.5

The target level of 40 million reads per sample was exceeded in all but one case,
LRO5834_4 where only 28.6 million reads were generated. Sample LR05834 3 did
generate some reads despite being a negative sample, however few of them

mapped to the genome. There is some relationship with samples that performed
less-well here and the quality of the cDNA assessed on the electropherogram shown
in Figure 4.9. The two worst-performing samples in terms of % Reads mapped in
proper pairs were BE0O6014 6 and LR0O5199 1. These also had some of the worst
cDNA electropherogram traces in terms of smaller fragments and lower RIN values of
6.6 and 4.8, respectively. However, RIN value did not seem to be a reliable indicator
of performance as two other samples, BEO6014_5 and LR05199 4 with RINs of 5.9
and 5.3, respectively, gave typical-looking electropherogram traces with no obvious
signs of increased presence of smaller fragments. Samples which had lower amounts
of cDNA, but no evidence of smaller fragments in the electropherogram like
LRO5309 1, LR0O5309 2 and LR05309_3 gave good sequencing results, indicating that
QC of the samples and normalisation of the amount of cDNA added to the

sequencing library preparation was successful.

Read counting with featureCounts also produced summary information as shown in
Figure 3.11. Approximately 50% of the reads were assigned to a feature. This figure
is lower than the % Uniquely mapped reads figure from STAR alignment to the
genome and this represents the difference between reads mapping to the whole
genome and reads mapping to a genetic feature annotated in the gene transfer

format (.gtf) file.
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Figure 3.11: Summary counting information for RNA-seq data from dog fungiform
papillae generated by featureCounts

Assigned reads were generally over 50%. Multi-mapping reads were the largest
source of unassigned reads. Reads having no features to map to constituted
approximately 20%.

3.4.4.3. Analysis with edgeR

Raw read counts from featureCounts were used as input for expression analysis with
edgeR. In order to examine the relationship between samples taken from different
areas on the tongue, a PCA was performed on the data. PCA reduces the
dimensionality of the data to a number of Principal Components (PCs). PC1
represents the direction that maximises the variance of the data, while subsequent
PCs represent the direction with the next highest variance, orthogonal to the
previous PC. Counts were log transformed and 1 was added to all values to avoid log
transforming zeros. Also genes that had the same expression in every sample were
removed. To label the PCA points, the suffix identifier for each sample was used. The

PCA including the DIEC, kidney and negative samples is shown in Figure 3.12. A scree
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plotis included in the Figure to show the contributions of the different principle
components. In this case, PC1 explained a large proportion of the variance due to the

inclusion of the negative sample.
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Figure 3.12: PCA analysis of gene expression in the fungiform papillae samples
Outlying samples S20=Negative sample, S28=Kidney tissue, S25=DIEC sample. Most
variation was described by PC1.

To make the analysis clearer, the three outlying samples for DIEC, kidney and the

negative sample were excluded. The re-run analysis is shown in Figure 3.13.
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Figure 3.13: PCA analysis of gene expression in the fungiform papillae samples with
DIEC, kidney and negative samples excluded

No particular pattern can be observed either by breed or location. Technical
replicate samples S26, S27 and S31 were not identical.
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There appeared to be no particular pattern in the data based on either location of
the sample or on dog breed. PC1 and PC2 explained just under 50% of the variance in
the data with subsequent PCs only accounting for small increases, meaning
examination of further PCs was not necessary. Of the three technical replicate
samples, two were grouped closely together (BE06022_6_S31 and BE0O6022_7 S26)
while the third (BE0O6022_8 S27) was separated mostly along the PC1 axis. Given this
discrepancy for the technical replicates we decided not to pool the three replicate
samples for downstream analysis. This is recommended if the replicate samples can
be verified to have near identical gene expression values, as the low variance

between these samples can bias downstream analysis.

The next step in edgeR analysis was to filter the data and estimate the dispersion in
the data. Estimates of dispersion are an important factor in RNA-seq analysis, as they
are equivalent to estimating the variance relative to the mean. An underestimation
of dispersion might give false positive results, indicating a gene is differentially
expressed when in fact it is not. Overestimating dispersion can give the opposite
effect and result in false negatives (Landau et al., 2013). Data were filtered using a
cpm threshold of >0.1. A gene was required to be expressed in at least 7 samples
from a group which, given that the smallest group size was 9, allowed for a couple of
samples in each group to be negative for expression and still retain that gene in the
analysis. Normal variance or “dispersion” in the data was estimated for each gene
(tagwise dispersion) and also estimated based on the assumption that dispersion is
proportional to the mean, so that the biological coefficient of variation is constant
(common dispersion). Also the relationship of the dispersion to the mean, assuming
that the dispersion is the same for all genes with a certain mean expression (trended
dispersion) was empirically estimated. The results of this analysis are shown in Figure

3.14.
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Figure 3.14: Dispersion estimates for the filtered RNA-seq data

Tagwise, Trend and Common dispersion are shown. Common dispersion was higher
than expected, possibly due to the heterogeneous nature of the bulk tissue samples
used.

The common dispersion estimate was relatively high when compared to the example
value of 0.4 for human data given in the edgeR user’s manual. This may be because
of the nature of the samples, which are composed of a mixture of cell types. Each
papillae may contain Tas2r-expressing cells or may not and some might contain cells
expressing different repertoires of Tas2rs. There may be other cell-types in the
samples that are also more or less represented in different samples. The high
common dispersion may be related to these differences and is unavoidable in

samples of mixed cell types.

For differential gene expression analysis the contrast for the data was set as
“locationBack — locationFront”. The models used in edgeR are generalised linear
models, and to account for uncertainty in gene-wise estimates of dispersion, a
Quasi-likelihood approach was used. The resulting gene expression differences are
presented in the heatmap in Figure 3.15. The genes listed here are the top 20 genes

for differential expression between the back and front sample groups. Expression
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differences were log transformed before plotting and scaled by row to allow

patterns for particular genes to be compared.
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Figure 3.15: Heatmap of differential expression for the top 20 genes based on p-
values and False Discovery Rate (FDR)

Ensembl gene names are shown on the right where NA refers to an unannotated
feature. Data is log transformed and scaled by row.

Next the results were filtered based on the FDR and the fold change (FC). The FDR
threshold was set at 0.05 and the FC threshold set at 2. It is important to note that
genes meeting these targets should be considered targets for further validation,
rather than definitive results. Differential expression data meeting these criteria
were visualised using a smear plot (Figure 3.16). Differentially expressed genes are
highlighted in red based on their FDR. The fold change is highlighted by the dashed

lines that represent a logFC of 1 (or a FC of 2).
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Figure 3.16: Smear plot to show differentially expressed genes

Genes in relation to expression level with an FDR of at least 0.05 (highlighted in red)
and a fold change of at least 2 (points falling outside the dashed lines).

While there were many genes exceeding the 2 fold change threshold only a few also
met the FDR threshold. In total, only 5 genes met both criteria. Another way in which
the data were visualised was with a volcano plot. The volcano plot uses only FC and

FDR and can make it easier to see all the significant genes (Figure 3.17).
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Figure 3.17: Volcano plot of log fold change (logFC) plotted on a log scale against —
log10 false discovery rate (-log10(FDR))

Genes meeting the threshold criteria of 2 for fold change and 0.05 for FDR are
highlighted as significant.

Only 4 genes (Otx1, Arsf, Stxbp6 and Smox) and one unannotated sequence met the
criteria for significance in both FC and FDR. Otx1 was downregulated in the samples
from the back locations compared to the front samples while the other 4 sequences
were upregulated in the back samples. The code used to run the edgeR analysis is

shown in Appendix 3.1.

It should be noted that 5 differentially expressed sequences in this case is a very
small number, indicating that in many ways our samples were similar in their
expression profiles. This is not surprising given the very low occurrence of taste
receptor cells in the samples, however, further analysis specifically focussed on the

Tas2rs was attempted.

219



3.4.5. Analysis of Tas2r gene expression

The original hypothesis for this experiment was that Tas2r genes would be
differentially expressed in the samples from the different locations on the tongue.
The data can therefore be examined in this instance without correcting for multiple

testing, as is usually done as part of the edgeR workflow.

Firstly the read counts from both the STAR/featureCounts and kallisto alighments
were compared using the standard Tas2r annotation from the canine reference
genome (CanFam 3.1). Only 10 Tas2rs are annotated in the reference genome
sequence. The read counts obtained from the two methods were almost identical,
differing by at most 1-2 reads, or in one case 4 reads for a sample with 60 or 64
reads for dTas2r40. Reads from kallisto are referred to as read estimates due to the
nature of the pseudoalignment method used. In some cases, a read count of 1 was
shown with one method while the other method showed 0 reads. This was evident 4
times overall, twice where kallisto showed a read, but STAR/featureCounts did not,
and twice with the difference in the other direction. These minor differences showed
that in the vast majority of cases both workflows were aligning the same reads to the
same loci and that neither workflow was introducing any significant bias in the

analysis.

Of the 10 annotated dTas2rs, 9 were detected in at least one sample. Only dTas2r1
had 0 read counts in all samples. Counts ranged between 1 and 64 indicating that in
all cases the Tas2r transcript was present only at very low levels. This was expected
given the nature of the samples used. Some samples had counts recorded for only
one Tas2r, while the sample with the most Tas2rs detected was LR05199_5_S16 with

6 Tas2rs showing at least 1 count.

The kallisto and edgeR analysis was then repeated using reference files containing
the coordinates of all 16 identified dog Tas2rs. Results for this analysis showed
counts for some of the unannotated Tas2rs and again, differences between the two

workflows were minimal. Counts ranged between 1 and 68 and the sample with the
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most Tas2rs detected was BE06022_4 S29 with 9 of the 16 Tas2rs detected. All
Tas2rs were detected in at least one sample, with the exception of dTas2r1. The
receptor that was detected in the most papillae samples was dTas2r62, being
present in 18 samples. The next most prevalent receptor in the papillae samples was
dTas2r42, which was detected in 16 papillae, and also in the kidney and DIEC

samples.

These comparisons showed that both methods were producing almost identical read
counts. However, there was some small variation, usually not more than one or two
counts in either direction. In addition to this, the count levels were very low and
warranted confirmation with another independent method. PCR was carried out for
all dTas2rs on the cDNA libraries prepared with the SMART-Seq method. A PCR for B-
actin was included as a control with high count levels in the RNA-seq data. This
would confirm the validity of the RNA-seq counts and show what might be a
reasonable minimum count cut-off to use. The sample that was used to produce
three replicate cDNA libraries was chosen for this. This was because the count data
for these replicates did not match entirely, which might indicate unreliable
assignment of read counts or some other factor. The PCR data is shown in Figure

3.18.
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Figure 3.18: PCR results for all dTas2rs from the three replicate cDNA libraries
made from the same RNA sample

Corresponding count data from the kallisto workflow is shown on the right. Counts
that were confirmed by a visible band in the PCR are highlighted in blue.
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The PCR analysis revealed some interesting aspects of the data. With one exception
every read count 210 was matched with a visible band in the PCR. Only the count of
24 reads for dTas2r2 in sample BE06022_8 S27 was not confirmed by the PCR.
Counts of <10 reads were more variable. Two counts of 6 reads for dTas2r10 and 7
reads for dTas2r67 in sample BE06022_8 S27 were not confirmed by the PCR.
However, a count of 4 for dTas2r12 in sample BE06022_7_S26 and counts of 6 reads
for dTas2r40 and 9 reads for dTas2r62 in sample BE06022_6_S31 were confirmed.

Low counts of 1-2 reads were not supported by the PCR data in any case.

The same PCR analysis was repeated for the sample showing the highest number of
Tas2rs expressed, sample BE06022_4 S29 with 9 of the 16 Tas2rs detected. Results

for this sample are shown in Figure 3.19.
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Figure 3.19: PCR results for the papillae sample found to express the highest
number of dTas2rs

Higher counts were confirmed with a positive result in the PCR. Generally, counts of
210 were confirmed although dTas2r4 was an exception in this sample.

With this sample there was also one exception to the confirmation of counts 210.

For dTas2r4 a read count of 10 was not confirmed by the PCR analysis, but all other

counts 210 were, along with some counts of <10.
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Combined, these data provided good evidence that a minimum cut-off value of 210
read counts was appropriate. Counts lower than this may still be real, but were not

consistently confirmed by the PCR analysis.

The other most notable insight from the data is that the 3 cDNA libraries prepared
from the same RNA sample did not give identical results in either the RNA-seq or the
PCR analysis. This is likely to be due to the very low amounts of template present in
the original sample. The SMART-Seq protocol uses a limited number of PCR cycles to
amplify poly-A tailed mRNA molecules. This is unlikely to be biased to any particular
mRNA, but when template targets are very low (<10 copies), amplification can
become unreliable as the chances of template amplifying at the start of each cycle is
limited by the low numbers of template molecules. This is a well-known
phenomenon in PCR and is referred to as the “Monte Carlo” effect (Bustin et al.,
2004). This also has implications for how the data may be used. While the detection
of the transcripts must represent the detection of molecules that were present in
the original RNA sample, such low levels result in quantification that is unlikely to be
reliable. The data was treated accordingly in the downstream analyses, favouring the
comparison between presence and absence rather than quantification and setting a

threshold of 10 counts for classification as present.

The two non-papillae samples that were analysed in the RNA-seq experiment both
showed expression of some dTas2rs. This was not entirely unexpected as it has been
shown that Tas2rs are expressed in many different tissues in mammals, including the
kidney and the small and large intestine (Finger et al., 2011; Uhlen et al., 2015). The
counts from these samples were similar to those of the papillae samples, indicating
low levels of expression in these samples also. For the DIEC cells that were tested,
Tas2r expression must be very low indeed as this is not a mixed cell sample as is the
case for the taste papillae, all cells should have the same, or similar expression

profiles.

Raw read counts are normalised as part of the edgeR analysis to account for

differences in library size between samples. Many different strategies for
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normalisation have been used, however, performance is not always equivalent
(Dillies et al., 2013). In edgeR, the method used is the Trimmed Mean of M-values
(TMM) (Robinson et al., 2010b). It is based on the assumption that most genes are
not differentially expressed. Correction factors are applied to library sizes and then
re-scaled. Read counts are then adjusted by dividing by the re-scaled normalisation
factors. The resulting TMM values are the transformed, normalised counts. For all
dTas2rs, the TMM values were compared to the original raw read counts. There
were no major differences in library size within the study and so the TMM data
largely reflected the raw count data. Notably, the .gtf file used for edgeR processing
contained more annotation for the Tas2rs than either the genome or the
transcriptome files used for STAR and kallisto alignments. 14 of the 16 dog Tas2rs
were annotated with only dTas2r4 and dTas2r62 requiring addition to the file before

processing.

Due to the problems with quantifying the low counts from the dTas2r count data,
the data were examined only from the point of presence or absence. If a receptor
recorded between 0-9 counts it was classed as absent while 10 or more counts was
classed as present. In the case of the TMM data, a similar cut-off of 0.25 was applied
in the analysis. To test the null-hypothesis that expression of Tas2rs would be equal
across all papillae locations (front, mid or back), each receptor was assessed
individually using a generalised linear model in R, with read counts 210 classed as
“present”. In this case, none of the TAS2Rs showed significantly different counts at
the 5% level. Analysis of the TMM values was performed with a linear model but the
same was true of the TMM values using the level of >=0.25 as classification for a
“present” call. However, for any one particular receptor many of the samples had
zero counts. Therefore, the sum of all Tas2rs for each sample was compared, both as

counts and as TMM values (Figure 3.20).
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Figure 3.20: Raw read counts and TMM values summed by sample

A) The sum of all dTas2r raw read counts for each sample plotted by location on the
tongue with significance shown based on presence or absence (present 210)
classification in a generalised linear model (Back —Front p=<1x10%, Mid-Front
p=<1x102). B) The sum of normalised TMM values for each Tas2r for each sample
with significance based on presence or absence (present >0.25) classification in a
linear model (Back-Front p=0.00029, Mid-Front p=0.02668). Error bars represent
mean with 95% confidence intervals.
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The same function as before, together with Pearson’s Chi-squared test, were applied
to the data using the same cut-off limits for classification as present or absent. In this
case, the comparison between the locations showed a p-value of <1x10® (Back-Front
and Mid-Front) in the generalised linear model and of 0.002 in the Chi-squared test
for the raw count data. For the TMM values the p-values were 0.00029 and 0.02668
for the Back-Front and Mid-Front comparisons, respectively. The chi-squared test
gave a p-value of 0.0006 for the TMM values. These data indicate significant
association of the location with the count or TMM value and suggest that overall
Tas2r expression was significantly lower in the papillae samples from the front of the

tongue.

3.5. Discussion
3.5.1. Fungiform papillae density and total taste bud number in dogs

In this chapter the expression of Tas2rs in the fungiform papillae of the dog from
different areas of the tongue surface was investigated. The fungiform papillae were
distributed fairly evenly across the surface of the tongue with an increase in density
on the tongue tip. On average the papillae were found to be at a density of around
5.8/cm?. If four taste buds on average in each papillae is assumed, which is between
the estimates of Holliday (3 on average) (Holliday, 1940) and Holland (4-5 on
average) (Holland et al., 1989) and an average tongue surface area of 50cm? is
estimated that would give an average number of 1160 taste buds. Given that this
does not account for the taste buds present in the circumvallate papillae or the
increased density of fungiform papillae on the tip of the tongue this seems to be in
line with a total number of taste buds of ~1700 as previously reported (Holliday,
1940). This is less than for humans, where an average of around 4600 is seen (Witt et
al., 2015) but this estimate varies between human subjects widely, with some adults

having as few as 500 taste buds (Linden, 1993).
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3.5.2. RNA extraction and sequencing library generation

RNA was easily extracted from the papillae samples and was generally of good
quality. The quantity of RNA recovered was quite low and an amplification method
was used in order to create enough cDNA for sequencing library preparation. The
Nextera XT kit was found to be preferable to the Nextera Flex kit for these samples,

due to evidence of more complete tagmentation.

Sequencing of the libraries was largely successful with the targeted 40 million reads
being achieved for all but two samples. One sample, LR0O5834 2 S19 was just below
this target with 38.7 million reads while the other, LR0O5834_4_S21, was much lower
with 28.6 million. Alignment results were as expected with ~70% of reads mapping
uniquely to the reference genome. This reduces to ~50% when reads are assigned to

annotated gene features in the transcriptome or .gtf files.

3.5.3. Data analysis method performance

Two different methods for aligning and counting reads were used. The first, kallisto,
was chosen as it is a pseudo-alignment technique which gives great time and
resource savings over true alignment methods. Kallisto aligned reads to the
transcriptome quickly and provided estimated counts in one operation. The second
method used STAR/featureCounts and is based on a true alignment to the genome.
Read counts for all the dTas2rs were compared between the two methods and were
found to be very close, generally being identical or showing a discrepancy of 1 or 2
reads at the most. Using both a genome alignment and a separate alignment to the
transcriptome proved to be a useful way of confirming the low read counts for the

Tas2rs with relatively little extra resource required given the speed of kallisto.

Raw read counts are not suitable for differential expression analysis for several
reasons. When comparing between samples sequencing library sizes will almost
always be different resulting in more or less reads for a particular target between

samples, even if the true expression is equal. Other aspects such as transcript length
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and GC-content are an issue for within sample comparisons, but can be assumed to
be equal when comparing between samples. The edgeR program and elements of
the R programming language were used to process the raw read counts, normalise
between samples and apply appropriate statistical correction for multiple testing to
the data. The resulting analyses showed that the papillae samples were largely
homogeneous in their expression, especially when compared to the DIEC and kidney
samples. This was expected given that the samples were mostly made up of cell
types other than taste receptor cells where gene expression is assumed to be mostly

equal.

3.5.4. Differentially expressed genes discovered with edgeR

The edgeR analysis did highlight 5 sequences as differentially expressed between the
back samples and the front samples. The differentially expressed gene Otx1
(Orthodenticle homeobox 1), is a transcription factor and is implicated in the
development of some sensory organs, including the olfactory bulb and epithelia of
the nasal and oral cavities (Simeone et al., 1993) . It is also known to be relatively
highly-expressed in the brain, skin and prostate (Fagerberg et al., 2014). However,
currently no rationale or sound explanation for the observed downregulation in the
papillae from the back of the tongue is available. Similarly, Arsf (an arylsulfatase
associated with the formation of bone and cartilage), StxBp6 (Syntaxin binding
protein 6, binds components of the SNARE complex which is involved in intracellular
vesicle trafficking) and Smox (Spermine oxidase, involved with the oxidation of
polyamines) are not currently associated with taste papillae in the literature and
there is no rationale for these differences based on what is currently known about
these genes. No differentially expressed genes were found when either the back
samples were compared to the middle samples, or when the middle samples were

compared to the front samples.

It is possible that such a low number of identified DE genes could represent false
rejection of the null hypothesis, in which all genes would be expected to have equal

expression regardless of sampling location. The fold change for these genes, while
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meeting the threshold criteria of 2, was not particularly high at around 4 at most.
Also the FDR again, while meeting the criteria of 0.05, was not very low at around
0.0035 for three of the genes and 0.024 for the others. RNA-seq data alone is not
usually considered sufficient for robust hypothesis testing. qRT-PCR is often used to
confirm expression differences generated in RNA-seq, while western blots and
immunohistochemical techniques are often used to confirm that RNA differences

result in subsequent matching protein differences.

3.5.5. Tas2r expression analysis

In the case of the Tas2rs a separate analysis was justified, given the existing
hypothesis that expression would differ depending on the location of the papillae on
the tongue. Both raw read counts and normalised values from edgeR which had
undergone the TMM normalisation procedure to account for differences in
sequencing library size were compared. PCR analysis on the remaining cDNA

prepared with the SMART-Seq kit was also conducted.

The PCR analysis revealed that generally raw read counts of 210 were detectable,
indicating that these sequences were present in the original sample and not caused
by misalignment or incorrect assignment of reads to the Tas2r genes. Read counts
lower than this were often not confirmed by the PCR, indicating that they may be

unreliable.

In all cases for the Tas2rs, the read counts were so low as to make any attempt at
expression quantification unreliable. We therefore focused the analysis on a simple
presence or absence approach. No individual Tas2r showed significantly greater
presence in any sample location. However, when all Tas2r reads or TMM values for
individual samples were pooled together the back and middle locations did show

significantly more Tas2r expression than the samples from the front of the tongue.

Low expression of the Tas2rs in fungiform papillae is in line with previous reports.

Matsunami et al. (2000) tested tissue samples from the tongue tip of mice with both
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degenerate Tas2r primers and specific primers for two individual Tas2rs (Tas2r140
and Tas2r103). Only one of the two specific reactions showed a weak positive result,
the others were negative. Adler et al. (2000) examined hundreds of fungiform
papillae from rats using in situ hybridisation but found that less than 10% of them
were positive for Tas2r expression. Both Kim et al. (2003) and Behrens et al. (2007)
also used in in situ hybridisation with fungiform papillae to look for Tas2r expression
in mouse and human subjects respectively. In both cases no expression was
detected. None of these three studies include information on the location of
sampling for the papillae and therefore successful detection in the study by Adler et
al. (2000) may have been related to selection of papillae from the middle or back
section of the tongue. Lipchock et al. (2013) pooled 6-8 fungiform papillae from 18
human subjects and detected the expression of TAS2R38 in 11 of them via real-time
guantitative Reverse Transcription PCR (qRT-PCR). Most of the samples in this study

were collected from the front or middle areas of the anterior tongue, but not the tip.

Analysis of the Tas2r read levels in all the samples showed that the expression of the
complete Tas2r repertoire in these papillae was not seen. No reads were found for
dTas2rl in any of the samples. For dTas2r3, 5, 10, 12, 38, 39 and 43 some reads were
found, but they did not exceed 10 reads in any case. The most abundant receptor
was dTas2r62 which was found in 18 of the samples, 6 of which had read counts >10.
Second most abundant was dTas2r42 appearing in 16 samples, but only 3 of which
had counts 210. The dTas2r40 gene was actually present at or above the threshold
value of 10 counts more often with 6 samples meeting the cut-off but only 11
samples in total showing counts for this receptor. A summary of the count data and

the normalised TMM adjusted data is shown in Appendix 3.2.

The highest count for any dTas2r in any sample was recorded in the sample of DIEC
cells which showed 68 counts for dTas2r40. Other dTas2rs were detected in the DIEC
sample (dTas2r39, 42 and 67), but the counts were <10 in all cases. This might be
expected if DIECs express dTas2r40 at a low level as the DIEC sample is not a mixture

of cell types as is the case for the papillae samples. Even with very low expression,
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higher counts would be expected here. The kidney sample also showed some counts

for 4 dTas2rs, but only dTas2r40 exceeded the threshold level.

3.5.6. Alternative methods

RNA-seq was chosen primarily because the acquisition of tissue samples of this type
is a very rare occurrence within the ethical constraints of animal care at Waltham.
RNA-seq would provide not only information on the Tas2r gene family, but on other
taste related genes too. The correlation of RNA-seq data to data obtained by qRT-
PCR has previously been shown to be high, and superior to that of microarrays
(Ibarra-Soria et al., 2014). gRT-PCR would be an obvious alternative to quantify only
the Tas2r expression in the samples and is still viewed as the gold standard for RNA

qguantification due to its high sensitivity and broad dynamic range.

In situ RNA hybridisation is another alternative for transcript detection and
guantification. It has been used frequently for the localisation of Tas2r transcripts in
taste papillae and has been critical to confirming cellular sites of expression and that
Tas2rs are not expressed in surrounding tissues (Adler et al., 2000; Behrens et al.,

2007; Lossow et al., 2016).

The low counts observed for the Tas2rs are due to the scarcity of the type Il Tas2r-
expressing taste receptor cells in the samples. This is an unavoidable disadvantage of
using a bulk tissue sample like a whole taste papillae and the problem is worse for
fungiform papillae compared with circumvallate papillae due to the relatively small
size and low numbers of taste buds present. During the course of this study, new
research was published using a single-cell RNA-seq approach (scRNA-seq) to profile
the expression of Tas1r3-positive type Il cells and type Il cells from mice (Sukumaran
et al., 2017). This approach would allow accurate quantification of expression levels
of taste receptor genes across the tongue surface. It does, however, require the
target cells to be identified in some way, either with a detectable label (transgenic

mice with a green fluorescent protein (GFP) controlled by a taste-cell-type specific
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promotor) or by a physiological or morphological method (measuring cell

depolarisation to a specific stimulus), both of which were used in the recent study.

Another limitation of the bulk tissue approach is that there is no control over the
number of taste buds or type Il Tas2r-expressing cells in each sample. While it can be
said that overall Tas2r expression was lower in the samples located at the front of
the tongue, it is not known if this was due to lower expression within the Tas2r
expressing cells, a reduced number of Tas2r expressing cells or a reduced number of
taste buds per papillae overall, although earlier work (Figure 3.2) suggests the latter

is unlikely.

3.5.7. Summary

This is the first study to show differences in the abundance of Tas2r transcripts from
fungiform papillae located on different regions of the anterior portion of the tongue.
As with all RNA expression-based work, further confirmation of the protein
expression level is required before firm conclusions can be drawn, but the data do
indicate that overall Tas2r expression may be lower in fungiform papillae situated
near the front of the tongue. Work using an alternative detection method such as in

situ hybridisation would be useful in confirming the differences observed here.
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Chapter 4. Sequence variation in dog Tas2rs and its impact on receptor function.

4.1. Introduction

4.1.1. The discovery of functional polymorphisms in taste receptors

Genetic variation in both taste and olfactory receptors contributes to the individual
differences that can be observed in the perception of flavour in humans (Hayes et
al., 2013; Mainland et al., 2014). The TAS2R bitter receptor family contains some of
the most well documented examples of variation from one person to another, which
can affect sensitivity to certain bitter tastes and have been linked with food choice
(Dinehart et al., 2006; Feeney et al., 2011). Variation in the TAS2Rs is unusually high
(Kim et al., 2005), possibly driven by the role TAS2Rs play in helping animals avoid
the ingestion of toxic plants and localised specialisation within different geographical

populations.

The most studied example of TAS2R variation leading to functional differences in
taste perception is the relationship between TAS2R38 and the chemicals PROP and
PTC (Wooding, 2006; Behrens et al., 2013). The fact that the ability to perceive PTC
as bitter varies greatly between individuals was first discovered in 1932 by Arthur L.
Fox who, while working with PTC in his laboratory, found that when some of the
powder “flew around in the air” his co-worker C.R. Noller complained of the bitter
taste of the powder while he found it to be tasteless. This discovery led to further
work which showed that the bitterness of some other chemicals with a similar
structure to that of PTC, sharing an N-C=S moiety, was correlated to that of PTC (Fox,
1932) . The distribution of the “taster” and “non-taster” traits was found to vary but
had an average of ~50% each (Wooding, 2006). Work by Albert F. Blakeslee
(Blakeslee, 1932) showed that the trait was inherited in a way close to, but not quite
consistent with, a simple Mendelian manner. This indicated that, while more than
one gene might be involved, the majority of the observed variation was likely to be
caused by a single gene.

Over time the molecular basis of the PTC “taster” and “non-taster” phenotype has

been revealed to be three amino acid changes within the TAS2R38 receptor. The
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changes TAS2R38a49p, TAS2R38v262a, and TAS2R38)296v form two major haplotypes,
PAV and AVI, and several less common ones. Expression and testing of the different
haplotypes in vitro has helped to confirm that the PAV haplotype is the “taster”
while the AVI haplotype is the “non-taster” (Bufe et al., 2005). Modelling of the
TAS2R38 receptor has suggested that the location of these residues is not directly
relevant for ligand binding, but that they are likely to be involved in mediating G-
protein interactions. The A49P variant is predicted to be in the first intracellular loop
region, which is a difficult region to model (Marchiori et al., 2013). The V262A%>*
variant is located in TM6 while the 1296V’2variant is in TM7. These variant residues
may restrict the movement of TM6 (Floriano et al., 2006) which has been proposed
as part of the mechanism by which changes in receptor conformation stimulate G

protein signalling (Weis et al., 2018).

Other functional polymorphisms in bitter taste receptors have also been confirmed
by using in vitro cell models. A functional variation in the human TAS2R16 gene
translates to a TAS2R16x172n amino acid change which appears to alter the sensitivity
of the receptor to an array of structurally divergent glycosides (Soranzo et al., 2005).
In the TAS2R43 receptor two common haplotypes have been identified involving
amino acid positions 35 and 212. The TAS2R43s3sw, r2121 Variant haplotype was
shown to be much more sensitive to the bitter plant compounds aloin and
aristolochic acid than TAS2R43s3s, r212 vVersion. The changes in sensitivity were
primarily related to the tryptophan at position 35 which is predicted to be in the first
intracellular loop (Pronin et al., 2007). As part of the same study, both TAS2R43 and
TAS2R44 were shown to mediate the bitter off taste of the artificial sweetener
saccharin, again with the tryptophan at position 35 conferring increased sensitivity

both in vitro and in vivo.

While coding variations abound in the TAS2Rs, it is not the case that all possible
haplotypes exist in nature. For example, while there are seven non-synonymous
SNPs in the human TAS2R38 gene not all of the possible 128 (27) haplotypes are
observed. In fact, only seven haplotypes have been confirmed worldwide (Wooding

et al., 2004; Kim et al., 2005). It is also the case that long-range haplotypes covering
235



more than one TAS2R loci can be implicated in the sensitivity of individuals to certain
bitter compounds. Haplotype blocks have been identified on both chromosome 7
and 12 where multiple TAS2R sequences are present (Roudnitzky et al., 2015).
Individual sensitivity to different bitter compounds was associated with multiple
TAS2R loci in several cases. For example grosheimin sensitivity was linked to
TAS2R43 and TAS2R46, both of which harbour high and low sensitivity variations. In
this case variants were maintained so that the sensitive allele of TAS2R43 was linked
with the sensitive allele in TAS2R46 and both insensitive alleles were also linked,
resulting in a strong correlation between the contributions of both loci. In many
cases a bitter compound may activate more than one TAS2R and one TAS2R may
recognise more than one compound. This, combined with significant levels of linkage
disequilibrium across TAS2R loci, can result in a more complex relationship between

genotype and phenotype than that seen with PTC/PROP and TAS2R38.

4.1.2. Genetic variation in dogs

In the case of dogs little published information exists on the levels of variation within
the TAS2Rs, however there are some reasons to suspect that both the levels of
variation and the distribution of variants among dog populations may differ from
that of humans. As discussed in Chapter 1 dog domestication has resulted in two
genetic bottlenecks (Figure 4.1). These events resulted in a number of consequences
including short-range linkage disequilibrium (LD) between breeds and long range LD
within breeds, which has yet to be broken down by recombination (Lindblad-Toh et
al., 2005; Parker et al., 2017). In theory this should reduce variation in a group of
genes like the Tas2rs and result in less taste differences, particularly in dogs of the
same breed. It may also have resulted in some specific differences that exist only in

one, or a few closely related breeds.
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Figure 4.1: Dog domestication resulted in a two genetic bottlenecks, reducing

genetic diversity in the ancestors of modern dogs

The first occurred during the domestication of wolves. A second bottleneck resulted
from the creation of modern dog breeds in the 1800s. 1) The ancestral dog
population displayed the short-range LD expected from the domestication event(s).

2) Creation of modern breeds resulted in long-range LD within breeds. 3) The effects

of breed creation have yet to be broken down by recombination (reproduced and

adapted from Lindblad-Toh et al., 2005).

Some of these effects can be seen in the prevalence of particular disease causing

variants in some dog breeds. In a small minority of cases disease-associated alleles

have become completely specific to a single dog breed. This is the case for the

Lagotto Romagnolo breed, which carries a disease variant for juvenile epilepsy at a

carrier frequency of 28.3% while the variant is absent in other dogs (Donner et al.,

2018). Another example is a disease variant for neonatal encephalopathy carried by
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the Standard Poodle at a frequency of 16.8%. However, most disease variants are
carried by both mixed breed and purebred dogs alike. Purebred dogs are more likely
to be at risk of genetic disease not because they carry more disease-causing
variations, but because they are more likely to be homozygous for the disease-
causing allele. Mixed breed dogs actually carry more variants, but suffer less genetic

disease due to being heterozygous at more loci (Donner et al., 2018).

The unique niche occupied by dogs in the field of genomics has led to their use in the
study of disease genetics, morphological variation and traits associated with
behaviour. Such interest has led to several initiatives aimed at collating whole
genome sequences from different dog breeds into central repositories to facilitate
comparison and enhance research efforts throughout the scientific community. One
such initiative is known as the Dog Biomedical Variant Database Consortium (DBVDC)
(Jagannathan et al., 2019). As Mars, Inc. was a contributor to this initiative, early
access to one of the first versions of this variant database was available, which
allowed investigation of SNPs and other variants in the dog Tas2r repertoire as part

of this study.

4.2. Aims of this chapter

The aim of this chapter was to assess the levels of variation in the dog Tas2r
repertoire and compare it with that of human. Further, it aimed to examine known
functionally relevant human variations in dog Tas2rs and discover any potential new
variants that are specific to dogs or even to individual dog breeds. Ultimately, the
goal was to help answer the question of whether dogs experience individual

differences in bitter taste perception, as is the case for humans.
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4.3. Materials and methods

4.3.1. The Dog Biomedical Variant Database Consortium (DBVDC)

In Chapter 1 the sequences of the dog TAS2R genes were established based on
annotated sequences and searches of the dog genome using human and mouse
Tas2r sequences. However, all of these sequences are based on one dog, a female
Boxer named Tasha whose genome sequence currently serves as the dog reference

sequence (Lindblad-Toh et al., 2005; Hoeppner et al., 2014).

Information on variants contained within the dog genome has been somewhat
scarce until recently. Two dog genome sequences were the main contributors to the
dog SNPs contained within the Single Nucleotide Polymorphism Database (dbSNP)
(Wheeler et al., 2007). These were the aforementioned Boxer and a Standard Poodle
sequence (Kirkness et al., 2003). However, the dog has been a long-standing disease
model for many conditions that occur in humans (Shearin et al., 2010). This interest
and the arrival of high throughput genome sequencing, have led to a large increase
in the amount of dog genomes being sequenced through various initiatives globally.
In 2015, a resource called DoGSD (Bai et al., 2015) made the SNPs from a collection
of 77 wolves and dogs of different breeds, combined with existing dbSNP data for
dogs, available online. More recently, larger data sets have become available with a
project releasing SNP details from 722 canids funded by the National Institutes of
Health (Plassais et al., 2019), while the DBVDC released SNP data from 582 dogs

from 126 breeds and eight wolves (Jagannathan et al., 2019).

Mars, Inc. has been a member of the DBVDC since 2017, contributing a large number
of whole dog genomes to the project. As a contributor, Mars, Inc. had access to the
database much earlier than the public release of the data in 2019. This earlier
version of the data was used to assess variation in the dog Tas2rs. This version
contained the genomes for a total of 465 dogs from 101 different breeds. These

were not revised in later releases.
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4.3.2. SNP and haplotype analysis

SNP analysis was conducted using the variant call file (.vcf) available from the DBVDC
project and the Variant Effect Predictor (VEP) tool (MclLaren et al., 2016) available
through the Ensembl genome portal (www.ensembl.org). Coordinates for the coding
regions of all 16 putative dog Tas2rs were used to filter the .vcf file to these regions
only. The VEP tool was used to classify variations occurring in the 16 putative Tas2r
gene sequences. The VEP classified variants as either low, moderate or high impact
based on their possible effect on the expressed protein. Low impact variants include
synonymous variants or variations that code for alternative start or stop codons.
Moderate impact variants include non-synonymous variants or in-frame insertions or
deletions. High impact variants include lost start or stop codons, gained stop codons
and frameshift variants. For the purposes of this study, only moderate or high impact

variations were of interest and low impact variations were ignored.

4.3.3. Epitope tagging of dTas2rs

When looking at the impact of a SNP or other variation on the function of a receptor
in a cell-based model, one important consideration is whether the variation has any
other effects on the receptor that might account for any differences observed.
Effects on receptor expression are possible, and would not be specifically identified
in a calcium mobilisation assay, as these changes alone might result in a reduced or
increased agonist potency or maximal response for that particular variant. In order
to check for equivalent levels of cell-surface expression, epitope tags can be
employed. Several epitope tags have previously been used successfully with Tas2rs.
In some cases improved receptor maturation and an epitope tag have been achieved
with the same sequence. The first 39 amino acids of bovine rhodopsin have been
used as both a tag to enhance cell-surface expression and as a target for assessment
of cell-surface expression via a monocolonal anti-rhodopsin antibody
(Chandrashekar et al., 2000). The tag for plasma membrane targeting used in this
project, the 45 amino acids from the N-terminal region of rat somatostatin type 3

receptor, does not serve a dual purpose but has been used in conjunction with a C-
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terminal herpes simplex virus (HSV) glycoprotein D epitope (Ammon et al., 2002) or
with a N-terminal FLAG tag (Sandau et al., 2015) for receptor quantification. N-
terminal tags allow assessment of cell-surface expressed receptor only while C-
terminal tags permit assessment of all receptor expression after permeabilisation of

the cells.

The FLAG tag was used in this study. The FLAG tag is a short peptide tag having the
sequence DYKDDDDAK. It was first used for the purification of recombinant
lymphokines (Hopp et al., 1988), but has since become one of the most versatile tags
for antibody-mediated detection and purification of fusion proteins (Einhauer et al.,
2001). The tag is highly hydrophilic, which aids with both antigenicity and the
adoption of an exposed conformation. As the Sstr3 tag used here does not contain a

cleavage site the FLAG tag was placed directly in front of it as shown in Figure 4.2.

EcoRI (198) Xhol (1095)

2500 500 7507 10007

Kozak
FLAG

PcDNA5/FRT/TO-FLAG-Sstr3_dTas2rl
1111 bp

Figure 4.2: The dTas2r1 expression construct tagged with an N-terminal FLAG
sequence for immunocytochemistry

The rest of the construct was as before with the first 44 amino acids of rat Sstr3 as a
plasma membrane targeting tag in the pcDNA5/FRT/TO backbone (not shown).

Several monoclonal antibodies have been developed for FLAG (M1, M2 and M5). The
mouse anti-FLAG M2 antibody (Sigma Aldrich, UK) is the most generally applicable
and was chosen for this project. Secondary labelling with a goat anti-mouse

AlexaFluor 488 antibody (ThermoFisher Scientific, UK) was performed.
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4.3.4. Site directed mutagenesis of dTas2r1

Gene sequence analysis revealed that dogs did not possess any of the TAS2R
variations previously shown to alter receptor function in humans. Therefore, dTas2r1
was selected as a test receptor for further work as it had a reasonably high number
of variants in dogs and also several ligands as identified in Chapter 2.

In order to assess any functional impact of the SNPs identified in dTas2r1, each
variation was tested in a cell-based calcium mobilisation assay as described in
Chapter 2. Variations in the receptor coding sequence were introduced using site-
directed mutagenesis (SDM) with the QuickChange Il Site-Directed Mutagenesis Kit
(Agilent, UK). This technique utilises a high fidelity PfuUltra DNA polymerase and
variation containing oligonucleotide primers to synthesise a new plasmid from the
existing plasmid template which then contains the new variant. The template
plasmid DNA is then digested by the action of a Dpn I endonuclease. This
endonuclease is specific for methylated and hemimethylated DNA and therefore
digests only the parental template. The remaining variation containing plasmid is
then transfected into competent E.coli and prepared as for standard plasmid DNA
with the methods described in Chapter 2. An overview of the technique is presented

in Figure 4.3.
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Figure 4.3: The Agilent QuickChange Il SDM technique

Primers for the parental plasmid are designed so that each primer contains the
variant site(s), approximately in the centre of the primer sequence. A primer design
program is provided online by the manufacturer as there are several other specific
requirements for their design including a length of between 25-45 bases, Tm of >=
78°C, GC content of ~40% and a terminal sequence with one or more G or C residues
(reproduced from the QuickChange Il user manual, 2018).

Primers were designed for SDM of the wild type expression vector for dTas2r1 using

the parameters specified in the QuickChange Il protocol (Agilent). Primers are listed

in Table 4.1.
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Table 4.1: Primers used for site directed mutagenesis of the dTas2r1 containing
expression vector.

Variant | Forward Primer (5'-3') Reverse Primer (5'-3")

t41a tatccattttcttttcacagagatgcaatttctcatcgggg ccccgatgagaaattgcatctctgtgaaaagaaaatggata

glaet cttggctctecttcttttctgtctggegatttec ggaaatcgccagacagaaaagaaggagagecaag

gl56a ccttctttgetgtctggeaatttccaggatttgtcta tagacaaatcctggaaattgccagacagcaaagaagg

t169g gtctggegatttccaggattggtctacaattgatcatctt aagatgatcaattgtagaccaatcctggaaatcgecagac

al8lg tccaggatttgtctacaattggtcatcttcttcatgaatctgg ccagattcatgaagaagatgaccaattgtagacaaatcctgga

g256a ctacttgctgataattttgtaattttcatgtttgtaaatgaattg | ccaaagtcccaattcatttacaaacatgaaaattacaaaattatc
ggactttgg agcaagtag

g299%a ttcgccacatggcttgaggtttactactgtgec ggcacagtagtaaacctcaagccatgtggegaa

g39%4a gccatggetgatectcaggtecatgatgtatge gcatacatcatggacctgaggatcagccatgge

g415a ccatgatgtatgcatccatcccttctgttttctge gcagaaaacagaagggatggatgcatacatcatgg

add4g cttctgttttctgcagcaaacagatgtgggtttattcccaaa tttgggaataaacccacatctgtttgctgcagaaaacagaag

c491t ccagccttttttccccaaacgtaactcaaatcaaagaaacatc | gatgtttctttgatttgagttacgtttggggaaaaaaggcetgg

c680t cacgtgagcacgatcctgttcgttctatecttee ggaaggatagaacgaacaggatcgtgctcacgtg

g682t gagcacgatcctgtcctttctatccttectggt accaggaaggatagaaaggacaggatcgtgctc

c722t ctctcccactacatggtagetgctttgetctet agagagcaaagcagctaccatgtagtgggagag

t730a ccactacatggcagctgctatgctctcttttcaga tctgaaaagagagcatagcagctgecatgtagtgg

The manufacturer’s instructions were followed for the whole procedure. Reactions

were prepared in 0.2mL thin-wall microtubes (Thermo Fisher Scientific, UK) with a

final reaction volume of 50uL. One microliter of DNA template, in this case 25ng of

the FLAG-Sstr3-dTas2r1 construct, was added to 5ulL of 10X reaction buffer. A

mixture of forward and reverse oligonucleotide primers containing 125ng of each

primer in a 2.5uL volume was added. One microliter of the dNTP mix provided with

the kit was added, although the concentration is not given by the manufacturer.

Nuclease free water (Qiagen, Germany) was added to achieve a final volume of 50uL

and then 1uL of PfuUltra high fidelity DNA polymerase (2.5U/uL) was added just

prior to the tubes being gently mixed and transferred to the thermal cycler.

Reactions were incubated at 95°C for 30 seconds, followed by 12 cycles of 95°C for

30 seconds, 55°C for one minute and 68°C for 1 minute/kb of plasmid length.

Reactions were then held at 4°C. On collection 1uL of Dpn I (10U/uL) was added to

each reaction followed by a one hour incubation at 37°C.

Transformation with XL1-Blue supercompetent cells was conducted by thawing and

aliquoting cells into pre-chilled 14mL BD Falcon polypropylene round bottom tubes

(Beckton Dickinson, UK). DNA from the Dpn | digestion was added to the cells (1pL)
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and swirled gently. Tubes were incubated on ice for 30 minutes then a heat-shock at
42°C was applied for 45 seconds in a waterbath. The cells were transferred back onto
ice for 2 minutes before adding 0.5mL of SOC medium (Sigma Aldrich, UK) pre-
warmed to 42°C. Cells were then incubated at 37°C for 1 hour with shaking at
225rpm. Cells were then plated onto 2 agar plates containing 100ug/mL ampicillin
(250pL per plate) and plates were incubated overnight at 37°C. Colonies were picked
and re-streaked on a fresh agar plate with ampicillin before being grown for plasmid
DNA extraction. Extraction was done with either the miniprep method or the
midiprep method described in Chapter 2. All plasmids were re-sequenced to check
for the presence of the correct variation and to check for unwanted sequence
changes. Purified DNA was sequenced using primers targeting the CMV promoter
site for the forward primer (5-CGCAAATGGGCGGTAGGCGTG-3’) and the BGH
terminator site for the reverse primer (5'-TAGAAGGCACAGTCGAGG-3’) to cover the
full receptor cDNA. In each case the desired variation was confirmed to have been
incorporated into the receptor sequence with the exception of the a444g site.
Despite two attempts with this primer combination, the variation was not
incorporated into the new plasmid and therefore this variation was not tested in the

downstream analysis.

4.3.5. Calcium mobilisation assay for dTas2r1 variants

All modified plasmids were subsequently used in the calcium mobilisation assay as
previously described (Chapter 2). To assess the functional impact of any of the
identified sequence variants in dTas2r1, a previously identified agonist for dTas2r1,
6-nitrosaccharin, was used as an agonist at a maximum concentration of 10mM with
6 half concentration dilutions and a blank final point that contained only assay
buffer. The concentrations used were the same as for the previous testing, as was
the overall methodology (Chapter 2). The data points were replicated in
quadruplicate on each plate and the wild type receptor was included along with cells
transfected with a mock plasmid which did not contain the dTas2r1 sequence.

Experiments were repeated three times.
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4.3.6. Flow cytometry analysis for dTas2r1 variants

The cell surface expression of dTas2r1 and each of the tested variants was quantified
using flow cytometry. Cells were prepared as they were for the calcium mobilization
assay (Chapter 2), but poly-D-lysine coated 96-well plates (Greiner Bio One 655090,
UK) were used, and the seeding density was increased accordingly to 60,000 cells per
well. Transfection was performed with the same ratio of cells/Lipofectamine
2000/plasmid DNA as used previously. Approximately 24hrs after transfection, the
cells were treated with trypsin, transferred to a low-bind 96-well round bottom plate
(Corning, UK) and washed in 100uL DMEM + 10% FBS before being collected by
centrifugation at 350 x g for 2 minutes at 4°C. All of the following steps were
performed on ice to minimise endocytosis of the receptor. Cells were washed once
with 100uL serum-free DMEM/0.1% BSA and incubated for 10 minutes at 4°C.
Another collection step was performed at 350 x g for 2 minutes at 4°C. Media was
replaced with 50uL serum-free DMEM/0.1% BSA containing 2.5ug/mL M2 mouse
anti-FLAG antibody (Sigma Aldrich, UK). Cells were incubated for 30 minutes at 4°C
and then washed with 1X PBS for 5 minutes, then again with 1X PBS/1% BSA for 5
minutes at 4°C. The supernatant was then replaced with a solution of 1X PBS/ 1%
BSA with 1ug/mL goat anti-mouse AlexaFluor488 secondary antibody (Thermo Fisher
Scientific, UK) and the cells were incubated on ice for 45 minutes in the dark. Two
washes were then performed with PBS/1%BSA with incubation on ice for 2 minutes.
Two more washes with PBS were then performed with incubation on ice for 5
minutes. The cells were then fixed using 3% paraformaldehyde solution for 15
minutes before a final wash with PBS. After resuspension in PBS the cells were

acquired on the flow cytometer (MACSQuant Analyzer 10, Miltenyi Biotec, UK).

The flow cytometer was calibrated before each use. As only one fluorophore was
used, compensation was not required. The instrument was set to aspirate 80uL of
the final 100uL sample volume containing the fixed cells in PBS. Excitation with the
488nm laser and the B1 525/50nm emission detector was used. Data were saved for

later analysis using the FlowJo v10 software (Beckton Dickinson, UK).
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4.3.7. Data analysis

In order to determine if dogs showed any evidence of reduced variation in their
Tas2r genes when compared to wolves a Kruskal Wallis test was applied to wolves
(n=3) and any dog breed which also had three representatives in the database. In the
case of comparisons of the frequency of a single variant between any two particular
dog breeds a chi-squared test was used. Analyses were performed in GraphPad

Prism V8.2.1 (GraphPad Software, USA)

To help normalise data from different calcium mobilisation experiments, all data was
normalised to the wild type responses for each respective experiment and expressed
as a percentage of the maximum response (5mM of the agonist) of the wild type
receptor. Data were charted in GraphPad Prism V8.2.1 (GraphPad Software, USA)
with log transformation of the agonist concentrations and non-linear regression
curve fitting using a four parameter model. ECsg values and Emax (calculated as Top-
Bottom values from the non-linear regression analysis) values from the three
experiments were compared using unpaired t-tests, with multiple t-tests being
performed simultaneously. In the analysis performed with GraphPad Prism standard
deviation was not assumed to be consistent between rows. Statistical significance
was chosen as the test criteria with an alpha of 0.05. Correction for multiple

comparisons was performed using the Holm-Sidak method.

4.4, Results

4.4.1. Tas2r genes and the DBVDC

The DBVDC data was supplied as a variant call file (.vcf file) and an accompanying
spreadsheet containing metadata relating to the dogs in the database. The dog
breed assigned to the samples in the DBVDC was checked using an algorithm
previously developed by Mars, Inc. for a commercially available breed ancestry test
called the WISDOM Panel 3.0 breed identification test (Mars Veterinary). The
algorithms used in this test were applied to the data contained within the .vcf file by

members of the Mars Veterinary research team and confirmed almost all the
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assigned breed identities as correct. In a small number of cases the assigned breed
was refined based on the result of the WISDOM panel test, in all cases to a closely
related breed. The total number of breeds represented in the database after
adjustment was 101. Some further cleaning of the metadata was necessary to
correct misspellings of some breed names and to harmonise formatting to allow

easier data processing.

Previously defined co-ordinates for dog Tas2r genes (Chapter 2) were used to filter
the .vcf file before using the VEP tool to classify all variations for each receptor in
each sample in the database. LOW impact variants were present with similar
frequency to MODERATE and HIGH impact variants. On average individual dogs had
5.5 LOW impact variants each. Dog Tas2r genes contained an average of 3 LOW
impact variants, with a range of 1-6. In all cases LOW impact variants were
synonymous. Distribution of MODERATE and HIGH impact variants is shown in Figure
4.4. All breeds with more than 1 representative are included and the mean number
of MODERATE and HIGH impact variants is shown, with error bars representing

minimum and maximum values.
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Figure 4.4: Variations in dog Tas2r gene sequences that have the potential to alter or eliminate receptor function

The x-axis shows categorical data for dog breeds with the number of dogs of that breed represented in the DBVDC database (if n>1).
The y-axis shows the cumulative number of MODERATE and HIGH impact variations counted across all 16 putatively functional Tas2rs.
Mean numbers of variants are plotted with error bars representing the range.
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One notable observation from this analysis was the higher level of variation seen in
the wolf samples. Statistical analysis of wolves and other breeds with n=3 in the
database using a Kruskal Wallis test confirmed that for two of the dog breeds,
namely Newfoundlands and Portuguese Water Dogs, this difference was significant
(adjusted p-values of 0.0031 and 0.0119 respectively). This is most likely to be an
example of reduced genetic diversity in domestic dog breeds caused by selective
breeding and genetic bottlenecks. Domestic dog breeds all showed comparable

levels of variation from the reference sequence.

Breed related variation was also visualised in terms of how many breeds a particular

variant occurred in. In Figure 4.5 all 86 identified MODERATE and HIGH impact

variants are shown against the number of breeds harbouring those variants.
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Figure 4.5: Specificity of different Tas2r variants to different breeds

The x-axis represents all the individual MODERATE and HIGH impact variants
identified, arranged by level of breed occurrence. The y-axis represents the breed
occurrence for each variant up to a maximum of 101, which was the total number of
different breeds represented in the database. In some cases particular variants were
present in all dog breeds studied, most likely indicating an error or rare variant in the
reference sequence. In other cases variants were only observed in a small number of
breeds.

The distribution of variants between the different Tas2r sequences was also
assessed. Receptors had between 1 and 16 non-synonymous SNPs, a figure which is
close to that reported for humans at 1-12 (Kim et al., 2005). Average numbers of
variants per gene were also similar between dogs and humans with 5.4 and 4.2

variants per gene; respectively.

4.4.2. Epitope tagging of dTas2r1

For epitope tagging of the receptor, a new version of the dTas2r1 expression vector
was synthesised (Eurofins, Germany). The FLAG tag sequence was added to the MCS

directly in front of the rSstr3 plasma membrane targeting tag. The new vector was
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tested in the calcium mobilisation assay along with the standard vector expressing
rSstr3 only, tagged dTas2rl and the previously identified dTas2r1 agonist 6-

nitrosaccharin (Figure 4.6).

1.0+
—— Sstr3-dTas2rl
0.8 —— FLAG-Sstr3-dTas2rl
+  MOCK
w 0.6
S
0.4
0.2
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Log [6-Nitrosaccharin] (mM)

Figure 4.6: FLAG labelled and unlabelled dTas2r1 with 6-nitrosaccharin
Incorporation of an N-terminal FLAG sequence did not impact on receptor function.
Error bars represent SD of 4 replicate wells (n=1).

Based on these data there was no difference in receptor response when the FLAG
tag was included upstream of the rSstr3 sequence in the expression vector. The FLAG

tag was included in all experiments with sequence variants of dTas2r1.

4.4.3. Functional variation in dTas2r1

The similarities seen in the levels of variation between dog and human Tas2rs
suggest that variation may play a role in taste sensitivity in dogs as it does in
humans. One obvious way to confirm this would be if dogs showed the same
variation in the TAS2R38 gene that accounts for differences in PROP and PTC taste
perception in humans. However, analysis of the DBVDC data for Tas2r38 sequences
shows that the amino acid residues in these positions are conserved in dogs, not
variable as in humans. The dog has an intermediate haplotype of PVI rather than the
taster (PAV) or non-taster (AVI) haplotypes prevalent in humans. Coding variations
were identified in dog Tas2r38, but none of the 4 variations identified were located
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in the same positions as for the human coding variations related to TAS2R38/PTC

sensitivity. The variants identified in dog were A27T, L175R, 1195V and G234S.

Other variations in human TAS2R16 or TAS2R31(44) could not be compared as dogs
lack an orthologue for these receptors (Chapter 1). The TAS2R43ww/sr haplotype
(Pronin et al., 2007) was investigated, but the TAS2R43wsss variation did not appear
to be present in the DBVDC data as the tryptophan residue was conserved. There
was variation in the other position, but dogs showed a dTas2r43s,12s variant as
opposed to the Tas2r43u,12r variant seen in humans. The dog orthologue is longer
than the human receptor, at 349 amino acid residues compared to 309, but the
sequences align well up to residue 332, at which point the dog sequence shows two

insertions.

Without these obvious examples to focus on, other criteria were selected to identify
a dog receptor that might show functional variation. A receptor with a relatively high
level of non-synonymous variation and a selection of positive ligands in the calcium
mobilisation assay (Chapter 2) was ideal. The dTas2r1 receptor met these criteria

and was selected for further investigation.

Use of the VEP tool in conjunction with the DBVDC .vcf file resulted in the overall
identification of 21 SNPs in dTas2r1, of which 15 were non-synonymous. During the
course of this project, an updated version of the DBVDC database was made
available with 648 dog genomes included. Four new non-synonymous variants were

found, although each occurred only once in the database (Table 4.2).
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Table 4.2: All variants found in the dTas2rl sequence using the DBVDC database
Some variants were identified in a later release of the DBVDC where more genomes
were included.

Chromosome Position Ref Alt Ref Alt Status Alt Alt
Allele Allele AA AA Allele Allele
Count Freq
34 4537672 T A Val Glu Non-synonymous 12 0.011
34 4537777 G T Leu Phe Non-synonymous 3 3.24E-03
34 4537787 G A Ala Thr | Non-synonymous 1 7.85E-04
34 4537800 T G Cys Gly Non-synonymous 3 3.25E-03
34 4537812 A G lle Val Non-synonymous 3 3.23E-03
34 4537887 G A Val Met | Non-synonymous 1 7.85E-04
34 4537930 G A Gly Glu Non-synonymous 1 1.09E-03
34 4538025 G A Gly Glu Non-synonymous 1 7.85E-04
34 4538046 G A Val lle Non-synonymous 1 7.85E-04
34 4538075 A G lle Met | Non-synonymous 3 3.23E-03
34 4538122 C T Ala Val Non-synonymous 33 0.036
34 4538183 A G Pro Pro Synonymous 4 4.31E-03
34 4538210 A G Leu Leu Synonymous 7 7.56E-03
34 4538311 C T Ser Phe Non-synonymous 1 1.09E-03
34 4538313 G T Val Phe | Non-synonymous 1 1.09E-03
34 4538321 C T Ser Ser Synonymous 2 2.18E-03
34 4538353 C T Ala Val Non-synonymous 1 1.08E-03
34 4538361 T A Leu Met | Non-synonymous 98 0.106
34 4538393 C T Ser Ser Synonymous 2 2.17E-03
34 4538403 C T Leu Leu Synonymous 1 1.08E-03
34 4538447 T C Ser Ser Synonymous 3 3.24E-03

In all but one case, the variants detected were quite rare (allele frequency <0.05)
when the whole database was considered. Of more interest was the allele frequency
within breed. For example, the first variation at position 4537672 in the
chromosome was present 10 times in the 465 version of the database having an
allele frequency of 0.011. However, this was not evenly distributed between breeds.
The variant appeared in 7 different breeds. The variant was found in the Dandie
Dinmont Terrier (1 of 1), the Labrador Retriever (1 of 7), the Standard Poodle (4 of
15), the Shih Tzu (1 of 2), the French Bulldog (1 of 4), the Yorkshire Terrier (1 of 65)
and the Miniature Schnauzer (1 of 9). In the later 648 version of the database, 1 of 2
Friesian Stabyhouns also carried this variant and this animal was the only
homozygote found, with all other carriers being heterozygotes. If the allele
frequency of this variant is compared between Standard Poodles and Yorkshire
Terriers (the most numerous breed in the database with 65 individuals) using a chi-

squared test, the chi-square value is 12.71 with 1 degree of freedom. This is
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statistically significant with a p-value of 0.0004, indicating that this variant is more

likely to occur in Standard Poodles than Yorkshire Terriers.

Another example of a variant with uneven distribution between breeds was the
4538122 variant. The occurrence of this variant was mostly seen in the Leonberger
breed occurring in 23 of 45 individuals. It also occurred in the Rottweiler (1 of 2),
Border Collie (1 of 37), Tibetan Mastiff (2 of 10) and one mixed breed dog which
were added to the later version of the database. This variant was homozygous in 7 of
the Leonbergers, but heterozygous in all other cases. If the occurrence of the variant
allele in Leonbergers is compared to that of Yorkshire Terriers with a chi-squared
test, a chi-square value of 51.57 with 1 degree of freedom is calculated. This is

statistically significant with a p-value of less than 0.0001.

The third example and most prevalent SNP in the database was at position 4538361.
This SNP was found in a larger selection of breeds including Border Collies, Bearded
Collies, German Shepherds, Pugs, Yorkshire Terriers and Miniature Schnauzers. It

was also present as a homozygote in a selection of different breeds.

The other coding SNPs identified here were more limited in number, appearing in
only a few individuals and almost always only as a heterozygote. A summary of the
data from the 648 version of the database for the non-synonymous variations is

presented in Table 4.3.
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Table 4.3: Summary of breeds carrying all identified non-synonymous SNPs in

dTas2rl

Analysis based on the 648 version of the DBVDC database.

Position | Variant | Carrier Breeds (carriers/total) Heterozygotes/Homozygotes
4537672 t41a Dandie Dinmont Terrier (1/1) 1/0
Labrador Retriever (1/7) 1/0
Standard Poodle (4/15) 4/0
Shih Tzu (1/2) 1/0
French Bulldog (1/4) 1/0
Border Terrier (1/1) 1/0
Yorkshire Terrier (1/65) 1/0
Miniature Schnauzer (1/11) 1/0
Friesian Stabyhoun (1/2) 0/1
4537777 | gldet Grey Wolf (2/4) 1/1
4537787 | gl56a Mixed Breed (1/6) 1/0
4537800 | t169g Old English Sheepdog (1/1) 1/0
Standard Poodle (2/15) 2/0
4537812 | al8lg Labrador Retriever (1/7) 1/0
Cavalier King Charles Spaniel (1/3) 1/0
Weimaraner (1/1) 1/0
Welsh Springer Spaniel (1/3) 1/0
Pomerainian (1/4) 1/0
4537887 | g256a Grey Wolf (1/4) 1/0
4537930 | g299a Yorkshire Terrier (1/65) 1/0
4538025 | g394a Grey Wolf (1/4) 1/0
4538046 | g415a Grey Wolf (1/4) 1/0
4538075 | ad444g Bichon Frise (1/4) 1/0
Pug (2/17) 2/0
4538122 c491t Border Collie (1/36) 1/0
Leonberger (28/45) 19/9
Mixed Breed (1/6) 1/0
Rottweiler (1/2) 1/0
Tibetan Mastiff (2/10) 2/0
4538311 c680t Cavalier King Charles Spaniel (1/3) 1/0
4538313 | g682t Cavalier King Charles Spaniel (1/3) 1/0
4538353 €722t Chinese Indigenous Dog (1/28) 1/0
4538361 t730a Alpine Dachsbracke (2/2) 2/0
American Staffordshire Terrier (2/3) 1/1
Bearded Collie (7/11) 7/0
Border Collie (26/36) 19/7
Bavarian Hound (1/1) 1/0
Standard Bull Terrier (2/4) 2/0
Bullmastiff (1/2) 1/0
Dogue de Bordeaux (3/6) 3/0
Cane Corso (1/1) 1/0
Curly Coated Retriever (5/5) 5/0
Wirehaired Dachshund (1/1) 1/0
Chinese Indigenous Dog (5/28) 5/0
German Shepherd (2/17) 2/0
English Mastiff (2/2) 2/0
Eurasier (1/2) 1/0
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Friesian Stabyhoun (1/2) 1/0
Havanese (2/3) 2/0
Heideterrier (1/1) 1/0
Unknown Breed (1/1) 1/0
Irish terrier (1/3) 1/0

Irish Wolfhound (2/3) 1/1
Swedish Vallhund (1/2) 1/0
Lagotto Romagnolo (1/5) 1/0
Pug (7/17) 6/1

Kerry Blue Terrier (1/1) 1/0
Rhodesian Ridgeback (2/4) 2/0
Scottish Deerhound (2/3) 2/0
Pembroke Welsh Corgi (1/3) 1/0
Portuguese Podengo (1/1) 1/0
Yorkshire Terrier (11/65) 11/0
Basset Bleu de Gascogne (1/1) 0/1
Central Asian Shepherd Dog (1/1) 0/1
Saluki (1/2) 0/1
Staffordshire Bull Terrier (1/2) 0/1

In many cases where variant allele representation was low, only a limited number of
the breed(s) carrying the variant were available. This limitation of the database
makes it impossible to know how widely the variant allele might be distributed
within a particular breed. Because of this, testing of the variants for functionality was
not limited to variants with allele frequencies of above 0.05. All non-synonymous
variations were tested based on the possibility that they may be prevalent in some
specific breeds. The DBVDC is a constantly growing resource with additional
genomes being added all the time. Future releases may contain greater numbers for
individual breeds making more meaningful analysis of breed specific variation

possible.

Calcium mobilisation from the variant receptors was expressed as a percentage of
the response from the WT receptor when stimulated with 5mM 6-nitrosaccharin.
The 10mM concentration of 6-nitrosaccharin caused a complete loss of response in
the cells, with these points showing only baseline fluorescence levels. This data was
excluded from further analysis. Inhibitory effects of high concentrations of this

compound have been noted previously in other assay systems (Pronin et al., 2004).

Based on the logECsp values, only one variant, dTas2rlaza1v, was identified as being

significantly different (Table 4.5). However, this result is may be an artefact of the
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curve fitting procedure. The curves for this variant are similar to the wild type, but
poor definition of the Emax for the 5mM concentration cause a marked increase in
the logECso values for these curves (Figure 4.7 and Table 4.5). As the curves do not
reach a plateau, due to the loss of signal at the 10mM concentration, it was difficult

to know if this indicated a true change in potency.
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Figure 4.7: Concentration-response data for the dTas2rlaz41v variant compared to
the WT receptor with 6-nitrosaccharin

Individual experiments (error bars represent meanz SD from quadruplicate wells) are
presented, expressed as a percentage of the 6-nitrosaccharin WT response at the
maximal testable concentration of 5mM (n=3). Non-linear regression curves were
used to calculate ECso and Emax values, which are presented in Table 4.4.

The Emax analysis was more predictable, in that receptor variants showing a complete
loss of response to 6-nitrosaccharin also gave a significant change in the Emax. Three
variants exhibited this signal loss, namely dTas2rlviae, dTas2rleiooe and dTas2rleisze
(or t41a, g299a and g394a). In these cases baseline levels of fluorescence remained
similar to the WT receptor but no response to any concentration of 6-nitrosaccharin

was seen (Figure 4.8).
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Figure 4.8: Concentration-response data for the dTas2rlyiag, dTas2rlgiooe and
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dTas2rlgisevariants compared to the WT receptor with 6-nitrosaccharin
The V14E (A), G100E (B) and G132E (C) variants discovered in dTas2r1 lead to a loss
of calcium mobilisation response to 6-Nitrosaccharin. Individual experiments (error

bars represent meant SD from quadruplicate wells) are presented, expressed as a

percentage of the 6-nitrosaccharin WT response at the maximal testable

concentration of 5mM (n=3). Non-linear regression curves were used to calculate

ECso and Emax values, which are presented in Table 4.4.
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Two other variants altered the Emax, dTas2rlasor (g156a) and dTas2rlszzzr (c680t). In
both cases, visual observation of the curves suggested that these differences were in
agreement with the overall curve fitting (Figure 4.9). The dTas2rlastvariant resulted

in a slight reduction in the Emax while the dTas2rlsy,7r variant showed an increase in

the Emax.
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Figure 4.9: Concentration-response data for the dTas2rlas>r and dTas2rlsz¢
variants compared to the WT receptor with 6-nitrosaccharin

Individual experiments (error bars represent meanz SD from quadruplicate wells) are
presented, expressed as a percentage of the 6-nitrosaccharin WT response at the
maximal testable concentration of 5mM (n=3). Non-linear regression curves were
used to calculate ECso and Emax values, which are presented in Table 4.4.

The remaining variants investigated did not lead to significant changes in potency or
maximal response compared to WT (Table 4.5). Of note however, the dTas2rlysem
variant lead to a reduction in 6-nitrosaccharin Emax that was close to significance
(p=0.052) and may warrant further investigation. Another two variants gave results
that may indicate a change in the Emax value, dT2R1vsem (g256a) and dT2R1a241v
(c722t). Visual inspection of the data for dT2R1yssm supported the possibility of a

difference in Emax, and this variant may also warrant further investigation alongside
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those called as significant (Table 4.4). Charts showing the response curves of all the
variants compared to the wild type receptor not shown here are presented in
Appendix 4.1. A summary of the statistical analysis of the data presented in Table

4.4,

Table 4.4: Summary of concentration-response data in the calcium mobilisation
assay for WT and variant dTas2rl

Data for all variants was compared to WT. Significant differences based on analysis
by unpaired t-test for logECso or Emax values are indicated by p-values <0.05 and are
marked with “*”,

Variant logECso mean | logECso Emax mean (xSEM) Emax

(+ SEM) Adjusted (%WT response to Adjusted

p-value 5mM 6-nitrosaccharin) | p-value

WT 0.283 (0.027) - 131.7 (1.8) -
dTas2r1V14E -3.677 (0.365) 0.777 11.9 (5.8) 0.005*
dTas2r1L48F 0.525 (0.077) 0.527 145.1 (13.8) 0.728
dTas2r1A52T | 0.218 (0.006) 0.596 89.2 (4.6) 0.022*
dTas2r1C57G | 0.299 (0.054) 0.995 146.1 (9.1) 0.618
dTas2rll61V 0.133(0.021) 0.235 162.0 (15.5) 0.569
dTas2r1v86M | 0.210 (0.009) 0.597 71.2 (9.4) 0.052
dTas2r1G100E | -0.534 (0.131) 0.123 3.1(1.1) 0.001*
dTas2r1G132E | -0.223 (0.194) 0.588 5.6 (1.3) 0.001*
dTas2r1V139l | 0.455 (0.089) 0.688 203.9(28.7) 0.485
dTas2r1A164V | 0.273 (0.005) 0.995 118.8 (4.6) 0.485
dTas2r1S227F | 0.282 (0.027) 0.995 245.6 (12.2) 0.018*
dTas2r1V228F | 0.609 (0.035) 0.051 172.1(43.5) 0.728
dTas2r1A241V | 0.573 (0.051) 0.036* 192.7 (9.1) 0.051
dTas2r1L245M | 0.424 (0.023) 0.596 233.6(21.1) 0.113
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4.4.4. Cell surface expression of dTas2rl variants

In order to confirm that all variants of the dTas2r1 receptor were being expressed
equally, flow cytometry was used to determine levels of extracellular FLAG tag
expression. Cells were initially gated to cover all cells, then subsequently gated for
single cells only. FITC positive cells were clearly identifiable when compared to a

control without the FLAG tag (Figure 4.10).
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Figure 4.10: Analysis of receptor expression with flow cytometry

Gated cell populations for A) the FLAG labelled dTas2r1 WT construct and B) The WT construct without the FLAG label. 1) Intact cells
were separated from debris by gating on forward and side scatter areas. 2) Single cells were separated from cell clumps by gating on
forward scatter height and side scatter area. 3) Cells positive for surface expression of the FLAG label were quantified by gating all cells
with elevated fluorescence on the B1 channel (525/50 filter). 4) A histogram representation of the labelled and unlabelled cell
populations.
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Most notably variants previously shown to result in a loss of signal to 6-
nitrosaccharin in the calcium mobilisation assay also showed an almost complete
lack of fluorescence, indicating that for these variants the receptor was not being
expressed correctly at the cell surface (Figure 4.11). All other variants showed similar

levels of fluorescence to that of the wild type receptor (Figure 4.12)
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Figure 4.11: dTas2r1 variants previously shown to have almost no response to 6-
nitrosaccharin also showed no FLAG labelling on the cell surface

A) Positive control with the WT receptor. B) dTas2rlyiae (t41a) variant. C)
dTas2rleiooe (g299a) variant. D) dTas2rlei32e (g394a) variant. Elevated fluorescence
in the B1 channel indicates expression of the FLAG labelled receptor at the cell

surface.
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Figure 4.12: Summarised data from flow cytometry experiments with dTas2r1
variants (n=2) with three technical replicates from each

Median, interquartile range, maximum and minimum values are represented. Three
variants (dTas2rlvise, dTas2rlgiooe and dTas2rlgis2e) showed almost no FLAG
detection indicating they were not well expressed at the cell surface.

4.5, Discussion

4.5.1. Functional variation in dTas2r1

The functional impact of variation in the gene sequences of Tas2rs has been studied
in several different species including humans (Bufe et al., 2005; Soranzo et al., 2005;
Pronin et al., 2007), several other primate species (Wooding et al., 2006; Purba et al.,
2017; Widayati et al., 2019), mice (Chandrashekar et al., 2000) and lemurs (ltoigawa
et al., 2019). There has been a great deal of interest in the link between bitter
sensitivity and diet choice in humans, with an emphasis on the impact of
polymorphisms in the TAS2R38 gene (Dinehart et al., 2006; Hayes et al., 2013). This
chapter investigated the existence of functional Tas2r polymorphisms in dogs. It also
attempted to investigate the impact of selective breeding on the distribution of such
polymorphisms in different dog breeds.
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Functional polymorphisms previously identified in humans did not appear to occur in
dogs. The most studied PAV/AVI polymorphisms occurring in human TAS2R38 (Bufe
et al., 2005) were not variable in any of the dogs analysed in this study. Other
polymorphisms identified in human TAS2R43 were also either not present in dogs or

showed different variations.

However, dogs did show a comparable level of variation within their Tas2r
repertoire. Humans have between 1 and 12 non-synonymous SNPs per TAS2R (Kim
et al., 2005) , with an average of 4.2 variants per gene. The same data for dogs is
comparable, with 1-16 non-synonymous SNPs per gene and an average of 5.4. On an
individual basis, dogs had between 0-34 coding variations with an average of 18.
Notably, the three wolves in the DBVDC had a higher average of 29 coding variations
per individual, which may be due to the impact selective breeding has had on levels

of overall genetic variation in dogs.

Investigating all coding variations in all 16 putative dog Tas2rs was beyond the scope
of this chapter, and without any known functional variants from orthologous human
genes available, other criteria were applied to select genes to evaluate. In Chapter 2,
ligands were identified for a range of dog Tas2rs. In particular dTas2r1 had a
selection of positive ligands and also showed a reasonable number of coding
polymorphisms in the analysis of the DBVDC data. Therefore, all coding
polymorphisms for dTas2rl were investigated for functionality with one of the

discovered ligands from Chapter 2.

The 15 identified coding variations for dTas2r1 were spread across the length of the
gene and varied widely in their prevalence. Six were present in a number of breeds,
varying from 2-34. The other 9 variants were present in only one breed or the Grey
Wolf. In most cases dogs were heterozygous for the variation. The exceptions to this
were the dTas2rlvise (t41a) variant that appeared as a homozygote in the Fresian
Stabyhoun breed, the dTas2rlisF (g146t) variant that was homozygous in the Grey

Wolf, the dTas2rlaieav (c491t) variant which appeared in multiple dogs of the
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Leonberger breed, and the dTas2rl24sm (t730a) variant which appeared as a

homozygote in 8 out of the 34 different breeds in which it was present (Table 4.3).

Prior to generating dTas2r1 variants by site-directed mutagenesis a FLAG tag was
added to the expression construct for dTas2r1 by gene synthesis. The FLAG tag was
added to the N-terminal region of the receptor construct, in front of the plasma
membrane targeting sequence from the rSstr3 gene. This was similar to a strategy
used previously in Tas2r research involving human and cat receptors (Sandau et al.,
2015). In this study the FLAG tag was also positioned at the N-terminal. The inclusion
of the FLAG tag made no difference to performance of dTas2r1 when testing with

the ligand 6-nitrosaccharin.

Use of the Agilent QuickChange Il system for site-directed mutagenesis resulted in
successful incorporation of all the identified variants with one exception. Despite
two attempts to incorporate the ad444g variant, only wild type sequence was seen
after DNA extraction and sequencing. It is not clear why this variant was not
incorporated successfully. The process for primer design and mutagenesis was the

same for all variants.

The remaining 14 variants were tested for functionality with 6-nitrosaccharinin a
calcium mobilisation assay as described in Chapter 2. Three variants resulted in a
complete loss of signal in the assay, namely dTas2rlyiae (t41a), dTas2rleiooe (8299a)
and dTas2rlci32e (g394a). These changes all fall within transmembrane regions (1, Il
and IV) as can be seen in Figure 4.13. Analysis of receptor transfected cells by flow
cytometry showed that these variants were not expressed at the cell surface and are
presumably retained intracellularly, as has been reported previously for some
artificially induced variations in Tas2rs (Singh et al., 2011). The variations
dTas2rlgiooe and dTas2rlcisze were rare, but the dTas2rlyise was more prevalent,
appearing in 8 different breeds as a heterozygote and one as a homozygote (Table

4.3).
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Naturally occurring mutations that lead to intracellular receptor retention and
disease are well known in other GPCRs (Tao et al., 2018). For example the majority of
mutations that occur in human rhodopsin, causing the disease retinitis pigmentosa,
result in misfolding, receptor retention in the ER and instability (Athanasiou et al.,
2018). The human luteinising hormone receptor (LHR) has also been found to
harbour mutations that impact on receptor function, and can cause Leydig cell
hypoplasia in males, and hypergonadotropic hypogonadism and primary
amenorrhea in females (Toledo et al., 1996; Latronico et al., 1998). Of 22 mutations
previously identified in LHR seven have been shown to have impaired trafficking to
the plasma membrane (Tao, 2006). Another pituitary gonadotrophin receptor, the
human follicle-stimulating hormone receptor also carries mutations that show a lack
of receptor function due to intracellular retention (Beau et al., 1998; Rannikko et al.,
2002). The human V2 vasopressin receptor carries over 190 mutations linked with
the disease nephrogenic diabetes insipidus. Of these over 70% of the functionally
characterised mutants show intracellular retention. Other examples of human
receptors known to contain mutations that cause intracellular retention include the
thyroid-stimulating hormone receptor, the melanocortin-1 receptor, melanocortin-3
receptor, melanocortin-4 receptor and the C-C chemokine receptor type 5 (Tao,

2006).

The mechanism by which the dTas2rlviag, dTas2rlciooe and dTas2rlei3ze variants
might cause intracellular retention was not investigated as part of this study. In the
case of human rhodopsin, many mutations are related to the disruption of a
disulphide bond between ECL1 and ECL2 (Stojanovic et al., 2002). However all three
dTas2rl variations found here occur within the transmembrane helices. Both valine
and glycine are non-polar amino acids without electrically charged side chains.
Glutamic acid has a negatively charged side chain, which could disrupt helix packing

and hydrophobic interactions within the transmembrane region.
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Figure 4.13: 2D representation of dTas2rl generated with GPCRdb (Pandy-Szekeres
etal., 2018)

Variations identified as part of this project are highlighted in red. The most
conserved residues for Tas2rs as identified by Singh et al. (2011) are highlighted in
green. Conserved residues are identical to those for hTas2rl except for TM4 where
the human sequence has a leucine residue.

Two other variants caused minor modulation of the receptor response. The
dTas2rlasot (g156a) variant located in TM2 resulted in a slightly suppressed Emax
value in the calcium mobilisation assay. This change from a non-polar alanine residue
to a polar threonine residue appears to impact the efficacy with which 6-
nitrosaccharin activates the receptor. The dTas2rls27¢ (c680t) variant located in TM6
also appeared to impact Emax, but in this case a slight increase in the efficacy with
which 6-nitrosaccharin appeared to activate the receptor was observed. In this case,
the change from serine to phenylalanine was a polar amino acid to a non-polar

amino acid change.

The structural elements comprising the binding site for Tas2rs have been proposed
to be different for different Tas2r receptors. In the case of hTAS2R1 Upadhyaya et al.
(2010) proposed TM1, 2, 3 and 7 and ECL-1 and ECL-2 to be implicated in ligand
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binding. Alternatively Dai et al. (2011) proposed TM3, 5, 6 and 7 as the regions
associated with ligand binding, with a role for ICL2 in receptor activation. The binding
site for hnTAS2R10 has been proposed to involve TM3 to 7 (Born et al., 2013). In
humans, the primary receptor for 6-nitrosaccharin was shown to be hTAS2R43 using
a GTPyS based assay using receptor expressed in Sf9 insect cell membranes and
transducin. Variations between hTAS2R43 and hTAS2R31(44) in the region of TM2-
TM5 were shown to harbour residues important for 6-nitrosaccharin interaction
(Pronin et al., 2004). In this context, a change within TM2 or TM6 of dTas2r1 could
have a functional impact on receptor function, indicating both dTas2r1aszr and

dTas2rls,27e can be reconciled with the published data.

The other variants tested had no impact on receptor function in response to 6-
nitrosaccharin. The variant dTas2rlissr (g146t) showed a change where both versions
have non-polar amino acids, although leucine does have a positively charged side
chain whilst that of phenylalanine is hydrophobic. The dTas2rlcs76 (t169g) version of
the receptor is an example where both cysteine and glycine are non-polar uncharged
amino acids. All other remaining tested variants, namely dTas2rli1v (a181g),
dTas2rlyvsem (g256a), dTas2rlyvise (g415a), dTas2rlaieay (c491t), dTas2rlvaase (g682t),
dTas2rlazav (€722t) and dTas2rli24sm (t730a) represent changes within the group of
non-polar, neutrally charged amino acids with hydrophobic side chains, which would

appear to be in line with their lack of impact on receptor responses.

4.5.2. Distribution and expression of dTas2r1 variants

While the DBVDC was an invaluable resource in the course of this work, the database
does currently have some limitations. In particular, the low representation of many
breeds makes assessment of the prevalence of some of the identified variations
impossible to determine. For example the dTas2rlyi4e variant that resulted in
reduced cell surface expression of the receptor in vitro was found as a homozygote
only once in the database in 1 of 2 Friesian Stabyhouns. Without genotypes for more
dogs of this breed it not possible to speculate on the impact of this on the taste

perception of this breed. It is also not clear if the receptor would be expressed
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normally in a native taste receptor cell. Intracellular retention is often a problem in
heterologous cell models, but for the Tas2rs the use of export tags like the rat Sstr3
tag used here have largely solved this problem. Using this tag, it was previously
shown that all human Tas2rs were expressed at the cell membrane successfully

(Meyerhof et al., 2010).

Further research could investigate if other strategies might be more applicable when
studying the impact of receptor variations. The rSstr3 tag certainly is useful for
studying Tas2r receptor function, but other strategies have been explored. Some
class A GPCRs require the co-expression of accessory proteins to translocate
correctly in HEK based cell models. For example, in vitro expression of some
receptors from the class A GPCR olfactory receptor family can be achieved only with
the co-expression of accessory proteins such as receptor transporting protein 1
(RTP1), RTP2, resistance to inhibitors of cholinesterase 8 homolog B (Ric8b) and
RTP1S or a combination thereof (Saito et al., 2004; Zhuang et al., 2007; Zhuang et al.,
2008). Members of the RTP and receptor expression enhancing protein (REEP)
families were shown to enhance expression of some hTAS2Rs in vitro when no rSstr3
or other export tag was included (Behrens et al., 2006). Co-immunostaining with
subcellular markers showed that some hTAS2Rs with poor expression were localised
within the trans-Golgi compartment, indicating that they had passed the quality
control mechanisms of the ER. This suggests that lack of expression was due to poor
localisation rather than misfolding (Behrens et al., 2006). It was also found that some
hTAS2Rs would express well in HEK293T cells without the addition of an export tag
or an exogenous accessory protein, while other hTAS2Rs did not. This was explained
by the discovery that some members of the REEP family were expressed
endogenously in HEK293T cells. They were also found to be expressed in human
circumvallate papillae and testis, two sites of hTAS2R expression (Behrens et al.,
2006). It may be interesting to observe the impact of sequence variants in Tas2rs in a
system where exogenous (or endogenous) accessory proteins are used without the
influence of an export tag, although the conditions may need to be different for each
Tas2r tested. It is also likely that some Tas2rs will not express well without an export

tag, regardless of the accessory proteins used.
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It is not clear if individual dogs in the DBVDC are closely related as family pedigree
records are not included within the metadata distributed with the .vcf file. Several of
the identified variants showed evidence of increased prevalence in one or more dog
breeds. In particular, the dTas2rl14sm (c491t) variant was common in the Leonberger
breed, but almost completely absent in the other breeds within the DBVDC. The
dTas2rlj1agm variant did not impact on the function of the receptor with 6-
nitrosaccharin and coded for a change to an amino acid with similar properties to the
reference isoleucine. This variant is likely to have become prevalent in this breed due
to the effects of selective breeding within a small population of related individuals.
The Leonberger breed was created in the mid-1800’s, but is reported to have been
reduced to only a handful of individuals over the course of the first and second world
wars (Lusby et al., 2005). With such a small population it is easy to imagine how
seemingly harmless variations may have become common in the breed. Even
deleterious variations can accumulate in some dog breeds, leading to a high

incidence of particular diseases (Donner et al., 2018).

The majority of the identified variants in dTas2r1 occurred as heterozygotes.
Differences in allelic expression have been linked to bitter taste sensitivity. It was
previously shown that in human TAS2R38 PAV/AVI heterozygotes, expression of
each version of the gene varied widely between individuals, but bitter taste
perception was correlated with expression of the “taster” PAV version (Lipchock et
al., 2013). Therefore, heterozygous individuals are still of interest, but taste
perception may be more aligned with expression level of the most sensitive
haplotype than with genotype alone. Of course haplotype plays an important role,
but as a high impact functional variation for dTas2rl was not identified here, the

haplotype of the dogs was not explored further.

4.5.3. Summary

Without prior knowledge of an existing phenotype with regards to bitter perception
in dogs of different breeds, in vitro analysis such as that conducted here could lead

to useful insights into variation in bitter taste perception in dogs. Testing all coding
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variants in all deorphanised dog bitter receptors was beyond the scope of this
Chapter. However, this is not an unreasonable objective given that instruments with
much higher throughput for calcium mobilisation assays than the FlexStation are

available (Chapter 2).

In the cell model used here, several naturally occurring variants in dTas2r1 caused a
loss of receptor expression at the cell surface, presumably because they were
retained intra-cellularly. Two of the variants were very rare, appearing in only one of
65 Yorkshire Terriers or in the ancestor of the dog, the Grey Wolf. One of the
variants was somewhat more common in dogs, with 9 breeds showing at least one
carrier. The Standard Poodle in particular showed a higher incidence of this variation
with 4 of 15 individuals being heterozygous. The Friesian Stabyhoun was the only
breed to show a homozygous individual for the variant, but this was only one of two
individuals of this breed in the database, and hence the prevalence of this variation
in the breed as a whole cannot be predicted. Whether these variants are expressed
normally in vivo is unclear. Further work in this area might include gathering
genotype data for a larger sample of Friesian Stabyhouns to confirm the prevalence
of this variant in that breed. If significant numbers of variant homozygotes were
seen, it would also be interesting to test for dTas2rl expression in native taste
receptor cells of this breed. If disruption of dTas2r1 expression was observed, a
further experiment with a taste panel of these dogs might confirm specific bitter

taste perception deficiencies.

In Chapter 2 nine ligands for dTas2r1 were identified. Only 6-nitrosaccharin was
tested with the variants identified here. Further testing with other ligands of dTas2r1
may reveal other consequences of these variations. In many cases testable ligand
concentrations in the calcium mobilisation assay were limited by compound
solubility or by the occurrence of non-specific responses in the mock-transfected
cells. Variant induced changes in ligand affinity or efficacy would be easier to identify
if the assay was more sensitive. As discussed in Chapter 2 the sensitivity of the assay
system used here was slightly lower than that used in other studies for some

receptor-compound combinations. It is not clear if this is due to receptor expression,
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G protein coupling or a combination of these, and other factors. Further optimisation
of the expression vector or the assay protocol might help improve responses and

make the impact of receptor variants easier to study.

Another option might be to remove dependency of the assay readout on successful
G protein coupling by using an assay format that measures direct ligand binding. This
would only be applicable where receptor variants were known to impact ligand
binding, and not G protein coupling. There are many options for a binding assay of
this type, all of which utilise a labelled ligand with either a radioactive, fluorescent or

bioluminescent label (Stoddart et al., 2016).

Phenotypic variation in dog breeds has accompanied their selection for other traits
such as tameness, size and their ability to perform useful tasks. In some cases this
selection has resulted in undesirable consequences such as increased susceptibility
to disease. The impact on the sensory systems of the dog has only be studied in a
few cases, and is often focused on the olfactory system. However, the taste system
of dogs is also of interest and in particular the bitter taste receptors contain gene
variability between breeds. As resources like the DBVDC expand it will become easier
to identify interesting variants quickly. Also, expansion of the testing done here with
more dog Tas2rs and a wider selection of receptor agonists may reveal many more
interesting variations. A high impact functional variant equivalent to the PAV
haplotype found in hTAS2R38 was not identified here, but only dTas2rl was
assessed. Such variation may be present in other dTas2rs and only a comprehensive
analysis of all dog Tas2rs can answer the question of how much bitter taste

variability exists in dogs completely.
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Chapter 5. Final discussion

In this thesis, the repertoire of bitter taste receptors in the dog, their function,
expression and their variation in different dog breeds was explored. Taste sensitivity
in companion animals is of interest in the field of pet food manufacture. The creation
and supply of commercially-prepared pet food offers a reliable, affordable and
convenient option for pet owners who wish to feed a nutritionally-complete diet to
their pets. However, there are many pressures on the formulation of commercial pet
foods. The question of sustainability in relation to owning and feeding pet dogs and
cats has been raised. Generally cats and dogs consume a higher proportion of their
energy requirements from animal-derived material (33%) when compared to
humans (19%) (Okin, 2017). This is associated with the greater environmental impact
of animal protein consumption. A large amount of the animal protein used in the
manufacture of pet food comes from by-products of the human food chain.
However, ingredient selection varies widely for pet foods in different product
categories, with premium or super-premium diets often containing higher quality
meat products that can result in some competition for resources with the human
food chain. Other factors such as pet obesity due to overfeeding and the selection of
specific ingredients for pet foods also contribute to the environmental impact of the
pet food industry (Swanson et al., 2013). In response to this, and other factors such
as volatile commaodity prices, pet food manufacturers have an interest in the use of
novel sources of protein, innovation in recipe formulation and flexibility in raw
material use. Such changes can impact on the performance of a pet food product,
and of particular interest is any negative impact on the palatability of the product. In
contrast to humans, where detailed sensory information can be obtained about why
one food is preferred over another, pets can only indicate their preference for a food
product through their behaviour. Their behaviour around food, preference for one
diet over another, and ultimately how much of a diet they want to consume can give
information on their liking, but gives no information on why one diet is preferred
over another. While some studies have shown that nutritional factors like
macronutrient composition can influence preference (Hewson-Hughes et al., 2013;

Hewson-Hughes et al., 2016), these require exposure to the diet over an extended
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time period, and do not explain preferences on first exposure to new diets. In this
case, it is most likely a combination of the flavour and texture of the diet that
influences liking. Bitter tastes are usually associated with reduced liking or rejection.
Knowing how sensitive dogs are to specific sources of bitterness, or being able to
assess pet food products for sources of bitterness could be of benefit in the pet food

manufacturing industry.

The second area where flavour, and specifically bitter taste, is of interest in pet dogs
is the area of pet safety. Accidental poisoning of pet dogs is not uncommon, and in
some cases bitter-tasting deterrents are used in an attempt to deter ingestion. The
chemical agent used for this is denatonium benzoate because of its known strong
bitter taste to humans. It is included in some brands of ethylene glycol-containing
automotive antifreeze as a deterrent to ingestion by both humans and pets.
However, some animals are known to be less sensitive to the taste of denatonium
benzoate than humans, and so the efficacy of this strategy for dogs is not clear.
Sensitivity to denatonium benzoate is governed in part by the sensitivity of the bitter

taste receptors to this compound.

In both of these examples, a fundamental understanding of bitter taste receptor
function in dogs provides useful information on the similarity in bitter taste
perception between humans and dogs, which particular receptors are responsive to
which compounds, and which compounds might be more or less bitter-tasting for
dogs. This was one of the primary aims of this thesis, along with assessing expression
of putative dog Tas2rs and identifying levels of functional variation in different dog

breeds.

There are several studies that surveyed the dog reference genome to identify
candidate bitter taste receptors (Go et al., 2006; Dong et al., 2009; Hu et al., 2013;
Shang et al., 2017). In this study, the genome was also searched, but in addition to
this the DBVDC database of dog genomes was analysed to make sure that no rare
variants appeared in the reference sequence. A total of 16 putative bitter receptors

were identified, which fits well with the semi-carnivorous nature of dogs, when
277



compared to a related obligate carnivore like the domestic cat (13 Tas2rs) or a classic
omnivore like the human (25 TAS2Rs). As a result of work done to confirm the
reference sequences, dTas2r4, which at the time was a pseudogene in the dog
reference genome sequence, was found to be putatively functional, with a full length
coding sequence. Screening of the receptor in the calcium mobilisation assay proved

that this receptor could function as a bitter receptor (Gibbs et al., 2017).

Confirmed gene sequences were used in testing of all 16 putative dog bitter
receptors in the cell-based calcium mobilisation assay. In some cases, this revealed
functional differences in ligand binding between dog and human orthologues, while
in other cases common ligands were active with both dog, and the equivalent human
receptor. Differences in sensitivity of orthologous receptors to the same compound
were also identified, as were differences in tuning breadth between them. These
data suggest that dogs have a well-developed sense of bitter taste, but that it is not
directly equivalent to that of humans. Recognition of, and sensitivity to, certain
bitter stimuli will vary between species while other stimuli may be perceived as
similar. This work, and previous work comparing human and mouse receptors
(Lossow et al., 2016), show that at least part of this is due to differences in receptor
ligand binding profiles and sensitivity. This highlights the potential pitfalls of
extrapolating human taste perception of pet food products to the pets themselves.
The dog-specific data generated here helps to reinforce the message that human
sensory testing may be excellent for pet food product quality control purposes, but
does not necessarily indicate how the product will perform with its eventual

consumers.

The calcium mobilisation assay used here employed a novel G protein chimera, as
opposed to the Gaie/gustas chimera that is most often used in the published literature.
One of the main aims of this project was to validate the use of this system and
expand upon the limited data that was available on its performance. The novel
Gaaie/gust/o chimera retained the first and the last 6 amino acids of the Gagust Sequence,
which relate to the regions preceding the 36 sheet, and the C terminal region after

the a5 helix (Ueda et al., 2003). The rest of the sequence was substituted with the
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corresponding Gqo sequence. The testing performed was partly intended to build a
more comprehensive data set for this system, but was primarily aimed at discovering
ligands for dog Tas2rs. Human receptors were also tested to allow comparison of
responses with published data. In most cases ligands seen to activate human
receptors here were in agreement with published ligands where the information was
available. There was, however, a trend for thresholds of activation for human
receptors to be slightly higher in concentration. There were also some instances

where known ligands for human Tas2rs did not elicit an identifiable response here.

In order to address some of these inconsistencies, permission to use the Gq16/gustas-
expressing cell line was obtained for the scope of this work only. Testing of all
compounds in the library with dog and human Tas2r1 was performed and the data
compared to that obtained with the Gaie/gust/o cell line. The data were similar to that
generated with the Gais/gust/o Cell line, with no improvement in sensitivity and no
additional ligands identified. This would point to some other factors in the assay as a
source for the sensitivity issues experienced here. Many different factors might be
the cause of this, including vector design, transfection procedures, instrument
sensitivity or cell culture procedures. One obvious difference between the work
conducted here and much of the published work was the instrument used for
reading the calcium signal. Here a FlexStation or Hamamatsu FDSS/UCELL system was
used, while much of the published work was conducted using a FLIPR system. Given
these differences, the question of what impact the novel Gai6/gust/o cChimera might
have on assay sensitivity cannot be fully addressed by the data collected here. In
order to answer this question it would be necessary to conduct further experiments
using both G protein chimeras in parallel, with a wider range of receptors and
ligands. This would identify if differences in the G protein chimera, or the assay
conditions were responsible for the differences seen between data generated here,

and that published elsewhere.

Throughout all of the testing conducted here, only two instances were identified
where a human receptor-ligand interaction with the Gaie/gust/o cell line was not

supported by the published data. Human TAS2R1 was previously reported not to
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respond to (-)-a-thujone (Meyerhof et al., 2010) and this was discussed in detail in
Chapter 2. Also a response of hTAS2R7 was seen to the compound 6a-
methylprednisolone. This combination was previously tested, but no response was
seen (Li et al., 2008). The rarity of this occurrence in the data suggest that the two
different G protein chimeras are similar in their interactions with the receptors. This
also indicates that responses seen with the dog Tas2r receptors and the Gai6/gust/o cell
line would be replicated in the Gaie/gustas cell line, although further confirmation of

this in future work would be reassuring.

The work conducted here indicated that while dog Tas2r10 was functioning and
responsive to the human TAS2R10 ligand cucurbitacin B, it was not activated by
denatonium benzoate. This was especially interesting given the use of denatonium
benzoate as a bitter deterrent in automotive antifreeze and other products. Only
one dog Tas2r was found to respond to this compound, dTas2r4, with a threshold of
400uM. Previously-generated in vivo data for dogs shows aversion to, but not
complete rejection of, 100uM denatonium benzoate. These data suggest that the
reduced sensitivity of dogs to denatonium benzoate is at least partly based on the
relative insensitivity of their bitter receptors to this compound. While recommended
concentrations of 67-111.5uM (30-50ppm) (ABA_Act, 2005) may be sufficient for
deterring children from consuming a toxic household product, a higher level might

be more effective for dogs.

Alternatively, if deterring ingestion by pet dogs was the primary concern, then some
chemicals may prove to be more effective deterrents at low concentrations. In this
study the naturally-occurring compound cucurbitacin B had the lowest threshold of
activation of any positive compound. Cucurbitacin B is a member of a family of ~20
tetracyclic terpenes which are found in pumpkins, gourds and cucumbers. Toxicity
among the family varies, but this has not prevented the exploration of these
compounds as drugs, particularly in the field of cancer therapy (Alghasham, 2013). In
mice 14mg/kg is listed as the LD50 for an oral dose of cucurbitacin B, while

denatonium benzoate has a LD50 of 560mg/kg. However, cucurbitacin E has an oral
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LD50 of 340mg/kg, which is not dissimilar to that of denatonium benzoate. The
response of dog bitter receptors to cucurbitacin E was not evaluated here, but the
sensitivity of in vitro mouse and human Tas2rs to cucurbitacin E and B has previously
been published (Meyerhof et al., 2010; Lossow et al., 2016). This showed similar
activation thresholds for cucurbitacin E and B within species, with mTas2r105
responding to 10uM and 30uM respectively, and mTas2r114 responding to 3uM in
both cases. Human TAS2R10 responded to lower concentrations of 0.01uM in both
cases while hTAS2R14 responded to 100uM concentrations of cucurbitacin B only. In
comparison, the most sensitive human Tas2r for denatonium benzoate, TAS2R47,
shows a threshold concentration of 0.03uM (Meyerhof et al., 2010). In the
experiments conducted here with cucurbutacin B, human and dog Tas2r10 had a
common threshold concentration of 0.69uM, which would indicate that dogs might
be more sensitive than mice to this compound, and perhaps as sensitive as humans.
Further work could be undertaken to establish if a member of the cucurbitacin
family might act as a potent bittering agent, useful in deterring accidental ingestion
of toxic household substances by both humans and pets equally, at a concentration
low enough to maintain an acceptably low risk of any toxicity. Such work should be

approached with caution, as toxicity can vary greatly between species.

In order to determine if all putatively-identified dog Tas2r genes were in fact
expressed in the taste papillae of the tongue, RNA-seq analysis was carried-out in
dog fungiform taste papillae. Positive identification of expression in these samples
proved to be challenging, as has been the case in other studies. The combination of
low numbers of taste receptor cells, low levels of receptor expression and variation
in expression levels between different papillae all contributed to this observation.
However, in this study, it was essential to take a minimally-invasive approach to
papillae sampling. Sampling of circumvallate papillae is much more difficult, due to
the accessibility of the taste bud-containing papillae wall. It was not deemed possible
to sample circumvallate papillae within the ethical constraints of animal care at

Waltham.
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Receptor expression was confirmed in many cases, regardless of the low expression
levels observed. Perhaps most interestingly, receptor expression was shown not to
be distributed uniformly in fungiform papillae from different areas of the tongue.
Overall, Tas2r expression levels were significantly lower at the front of the tongue.
While the perception of bitter taste is often associated with the back of the tongue,
where the circumvallate papillae house many more Tas2r-expressing taste buds,
there is less information on how bitter taste varies across the anterior portion of the
tongue. One study looked at threshold responses to quinine from human fungiform
papillae at different locations, and found a reduced sensitivity at the front (Collings,
1974), which would be in alignment with the data generated here. However, other
studies are not in agreement with this (Doty et al., 2016) and differences in
methodology may be related to the lack of consensus (Colvin et al., 2018).
Replication of the work done here in humans or another model species, a larger
sample set, or both may help to clarify this area. A targeted approach using gRT-PCR
would be less costly, although pre-amplification techniques may make detection

easier, as was the case for this study.

Selective breeding of dogs has had a major impact on their development as a
species. However, the impact on their chemical senses has not been well-defined.
Breed characteristics are sometimes associated with the sense of smell, with some
breeds suggested to have a keener sense of smell due to their performance in
olfactory-based tasks (Polgar et al., 2016) . However, performance in such tasks can
be related to breed temperament and performance in reward-based training, and is
not necessarily related to their olfactory sensitivity (Hall et al., 2015; Lazarowski et
al., 2020). Impacts of breeding on taste have not been previously described. This
project aimed to establish if functional polymorphisms in bitter taste receptors of
dogs might be present, as is the case for humans, and if there were any breed-

associated differences in their distribution.

Testing all identified variants in all dog Tas2rs was not possible within the scope of
this study. Instead, all identified coding polymorphisms in dTas2rl were tested for

their impact on the response of the receptor to the ligand 6-nitrosaccharin.
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Surprisingly, three of the variants resulted in a near complete lack of expression,
presumably as the receptor was retained intracellularly. Such variants are relatively
common in GPCRs, and when present in other receptors can result in various medical
conditions. Here, these variants were present mostly as heterozygotes, with only a
few cases of homozygous variants being found. Still, it is intriguing that such variants
were identified and further work to characterise the occurrence, frequency and

impact of such variation should be conducted.

Other variants having an impact on the receptor response to 6-nitrosaccharin were
identified, but the impact was subtle. A high-impact functional variant was not
identified as part of this study, but may well exist in other dog Tas2rs. The work done
here has the potential to be expanded, incorporating more ligands for dTas2r1 and
more dog Tas2rs, particularly the ones deorphanised here. A better understanding of
variation in dog bitter taste perception could help when trying to prevent accidental
poisoning of dogs, and it would also reveal if dogs, like humans, show individual or

breed-associated differences in their taste perception.

While research on the Tas2rs has progressed greatly since their discovery, one area
where progress has not been as swift is the development of structural models. To
date no Tas2r crystal structure has been determined, and due to their limited
homology with other GPCR families existing models are considered to be low
resolution (Di Pizio et al., 2017; Behrens et al., 2020). The possible reasons for this
are varied. Until recently, Tas2rs were not considered to be drug targets, although
they now represent a promising candidate for the development of new asthma
medications. Also their low expression in anatomical structures containing a mixture
of cell types makes their purification from these sources unattractive. They have also
proved difficult to express in cellular models, and these factors have most likely

contributed greatly to the current absence of a crystal structure.

Due to these limitations in structural modelling, a focus has remained on supporting
analysis from homology models with in vitro data and mutagenesis experiments. The

in vitro data generated as part of this study will certainly be a useful resource in
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future modelling studies with dog Tas2rs, enabling initial model verification and
refinement. A recently developed resource named BitterPredict (Dagan-Wiener et
al., 2017) demonstrates what can be achieved with the currently-available
information on bitter tasting compounds contained within the BitterDB (Wiener et
al., 2012; Dagan-Wiener et al., 2018). Here, a machine learning approach was
combined with existing data derived partly from in vitro studies, to generate the
BitterPredict classifier, a machine learning algorithm which achieved 70-90% correct
classification of molecules as bitter. Although this approach was only able to classify
molecules as bitter, with no indication of the level of bitterness, such approaches
may become valuable in the food and drug industries in the future. Should one or
more Tas2r crystal structures become available, structural models will become even

more valuable sources of information.

Dogs have maintained their position as one of the preferred companion animals of
man for many centuries, during which time they have transitioned from scavenging
around human settlements to feeding on specialised diets designed to completely
satisfy their nutritional needs. How dogs are fed will continue to change, and a
better understanding of the sensory capabilities of dogs in relation to feeding will

enable further innovation in the formulation and manufacture of dog food diets.
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Appendices

Appendix 1.1: Dog Tas2r sequences used for primer design and gene synthesis.

dTas2r1

atgttagagttttaccttattatccattttcttttcacagtgatgcaatttctcatcggggttttagcaaatggcatcattgtg
gtggtgaatggcactgagttgatcaagcagagaaagatgattcecttggcetctecttcetttgetgtctggegatttccagga
tttgtctacaattgatcatcttcttcatgaatctgggtactctcttcttgattgaagtcccectacttgetgataattttgtaat
tttcgtgtttgtaaatgaattgggactttggttcgecacatggcettggggtttactactgtgeccaagategeccccataactc
actcattctttttctggttgaagataaggatatccaagtggatgccatggetgatectegggtccatgatgtatgeatecegt
cccttetgttttctgcagcaaacagatatgggtttattcccaaaacgttttgtccagecttttttccccaaacgcaactcaaa
tcaaagaaacatctgctttacagattgcctttcttattaggttattattgecactgettatctttcteggttccaccctactttt
gatattttccctggggagacacacctggcagatgagaaacacagcaacaggecccagggaccctageacaggtgteca
cgtgagcacgatcctgtecgttctatecttectggtectcetgectcteccactacatggeagetgetttgetctcttttcagat
ctttcagctcagaagcectcgtctttctgatctgtctetgggtgtttgggtectatecttctggacactctatgatcttaatttta

ggaaatcctaaattgaaacaaaatgcaaagaagctcctectccacgggaagtgetgecagtga
dTas2r2

atgatctcctttttgtcagctcttectcatgttattgttatgtcagcagaatttatcacagggattacagtaaatggatttctt
atcatcatgaactgtaaagaattgatcaaaagcagaaagccaacaccagtgcaactccttttcatatgtatagggatgtc
gagatttggtctgctcatggtgttaatgatacaaagttttttctctgtgttatttccactcttttataaggtaaacatttttggt
acagcaatgttgttcttttggatgttttttagctctgtcagtttctggtttgecacctgectttctgtattttactgectcaagat
agcaggcttcactcaatcctgttttctttggctgaaattcaggatctcgaagttaatgecttggetacttctgggaagtttge
tggcctccatgagceattgcagcetctgtgtattgaagcagattaccctaaaaaggtggatgatgatgecctcaagaatgec
acattgaagaggactgaacccaagataaggcaaattagtgaaatgctgcttgtcaacttggceattactatttectctagec
atatttgtgatgtgcacttttatgttattcatttctctctataagcacactcatcggatgcaaaatggatctcatggtgttaga
aatgccagcacaaaagcccatataaatgcattaaaaacagtgataacattcttttgettctttatttettattttgetgectt
catggcaaatatgacattcagtattccttatggaagtcattgcttctttgtagtaaaggacataatggceageatttcectct

ggtcattcaattataatcctcctgagtaattctaaataccaacaacctttcaggagacttctctgcttcaaaaagaatcaat

ga
dTas2r3
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atgtcagggctggggaaatcegtgttectggttctgtctgtcactcagttcattctggggatgctggggaatggtttcatag
tgttggtcaatggcagcagctggttcaagaacaagacagtctctttgtctgacgttatcatcactaacctggcetctctccag
gattgttctgctgtggattctcttggttgatggtgttttaatggtcttcttttccaaagtacatgatgaagggacagtaatgg
aaattattgatattttctggacatttacgaaccacctgagcatttggcttgccacctgtctcagtgtcctctactgectgaaa
attgccagtttctcccatccgacgttcctctggetcaagtggagagtttccagagtggtcgtacagatgattttgggtgeac
tgctcttatcgtgtgecagtgecatgtetctggtccatgaatttaagatctattctattctcagtggaattgetggtacaggg
aatgtgaccgagcactttagaaagaagagaaatgactataaagtggcccatgttcttgggactctgtggaacctecctec
cctaattgtttctctggectectactttetgetcatcttctecctgggaaggcacacacageagatgaagcacagtggeacc
agctccagagatctgagcacggaggceccaccagagagcecatcaaaatcategtctctttectctttctcettectgetttact
ttcttgectttttaattacatcatccagttatttcataccagaaactgagatggttaagagagttggagtagttgttacaatg
ttttaccctgccagecactcattcgttatcattctgggaaacaataagetgaageagatgtttacggagatgcetgtgctgtg

agcctggttatctgaagcctggattcaaaagaccttttgecccataa

dTas2r4

atgcttcagatattctttttatctgccattattttctcagcaattttgaattttgtgggactcattgtaaatctgtttattgeagt
ggtcagttataggacttggctcaaaagccatagaatttectcttctaattggatectcttcagettgggeatcaccagattt

cttatgctgggactgtttctactcaacatcatctacttcttcatctctccaaaaatggaaaggtceggtgeacctateccactt
tttcctgtcgtgttggatgtttttggactctaatagtctcetggtttgtaaccttgetcaatgecttgtactgegtgaagattac

ggacttccaacttggagtatttctcctgetgaagegaaatctctccccaaagatecccaggcetgttgetagectgtgtactg
atttctgecttcaccactctectgtatgttgtgctcaaacagacatcateccttectgaatttgtgactcagagaaatggtac
aggatgtggcatccatgggagtgtcttgtctttggtgacctctttggtcttgegetcagttctccagtttatcattaatgtgac
ttctgcttecttgttgatacattccttgaggagacatatacagaagatgcagaaaaacaccactattttttggaatcctcag
actgaagctcatgtgggcgctatgaagctgatgatctgtttectcatectgtacattecttactcagttgetaccttgetaca
ttatttcccttatggtgggatggatttgagaaccagatccatctgtttggttatttccagcettttaccctccaggacattctat

tctcattatcctcacacatcctaaactgaaaacaaaagcaaagaagattctttgtttcaacaaatag

dTas2r5

atgctgactgctgecctaccactgetgatggtggtggcagtggttgaatttctcattggettggtgggaaatggagtectta
tggtctggagttttggtgaatgggtcagaaaattcaacgggtectcatacaacctcattgtectgggectggetgtetgeceg
atttctcctgcagtgtctgattatgatggacttaagectgtttccatttttccagagtagecgttggcttcactatctcagtat
cttctggatcctggtaagecaggecagcectgtggtttgecactttectcagegtcttctactgcaggaagatcatgaccctt

gaacatcctgtctgcttgtggctgaagcagagggcectattgectgagtctctggtgecttctggtgtacctcatgatcagttt
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gttacttgtagcacacattggcttaaagccctataatccttctcaaggcaacagcagceattctgtacccecttaaaagetg

gcactacctgtatatagtaaagctcaacgcaggaagtggattgectctcatggtgtttcttgtttcttctgggatgetgattg
tctctttgtatagacaccacaagaagatggaggtacatacagctggtaggagagatgctcaggecaaggetcacatcac
tgtactgaagtccttgggctgcttccttatecttcatgtgatttatatectggecagcecccttttccattacctccaagtcettcet
gctgatctcctegttgtcttcatctctgagacagtcatggetgectatecttctctteattetgtcattctgatectggggaate

ccaggatgaagcagacttgtcagagaattctgtggaagacagtgtgtgcttggaaatcctag

dTas2r7

atgccggataaagtggagagcatcttaatgcetcgtagcagetggagaattttcaatggggattttagggaatacattcatt
ggattggtaaactgcataggctggatcaagaagaggaagattgcctccattgatttaatcctcacaagtcetggecatatc
cagaatttgtctattatgtataatactattagattgttttatattggtgctgtatccagatgtctatgctaccggtaaacaaat
gagaataattgacttcttctggacactaaccaaccatttaagtgtctggtttgecacctgtctcagceattttctatttectca
agattgcgaatttcttccatceccttttectctggatgaagtggagaattgacagtgegattectaggatectgetgggatg
cttggcectttctgtgtttattagecttgttgtcactgagaatttgaatgatgatttcagatgttgtgttaggacaaagaaga
aaacaaacttaactgtgagatgcagagtaaagaaagctaaatattcttccatcaagatttgectcaacctgttaacgcta
ttceccttttetgtgteectgatcteatttctectettgatectcteectctggagacataccaggeagatgaagttcaatgee
acagggtgtagagacttcagcatagaagcccacatgggagccatgaaagcetgtcatctectttctectecttttcategec
tactatttggcctttcttgtagecacctctagetactttatgccagagactgaattagetgtgatcattggtgagttgatage
tctaatctatccctcgagecattegtttatcctaattctggggagcaataaattaagacaggceatctctaagggtactatgg

aaagtaaaatatgtcttaaaaagaagaaacttctaa

dTas2r10

atgctaagcatactggaaggcctcctcatttttatagetgttagtgaatcaatactgggagttttagggaatggatttattg
gacttgtcaattgtattgactgtgtgaagaacaaaaagttttctatggttggctttattctcactggcettagcetacttccaga
atttgtctgatattgataataattacagatggatttataaagatattctctccagatatgtattcctctggtaacttaattgat
tatattagttacctatgggtaattatcaatcaatcaagtatctggtttgccaccagectcageatcttctatttcctgaagat
agcaaatttttcccaccacatttttctctggetgaagggtagaatcaatagegttctteeccttctgatgggatecttgtttat
ttcatggttatttacttttccacaaattgtgaagattattaatgataatagaatgaagagtagaaatacaacctggcagct
caacatgcagaaaagtgaattctttactaagcagattttactcaacctaggagtcattcttctctttactctatgectgatta
catgtttcttgctaatcgtttccctttggagacacaacaggcacatgcaattgaatgtcactggactccgagaccccagta
cagaagcacatgtgaaagcaatgaaaattttggtatcttttatcatcctctttatcttgtattttataggceattgecatagaa

atatcatgtttcattctgccagaaaacaaactgctgtttatttttggtatgatgaccacagccatctatcectggggtcattc
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atttatcctaattctaggaaacagcaagctaaagcaagcttctttgaagaccctgcagcaactcaagtgcgaggcaagg

agactgctcacagctgcacagatccatgtggggggaaatggatgttccaggagaataatctag

dTas2ri2

atggcaggcacaatgaagaatgtatttatgatgatttttgccggagaattcataatagggattttgggaaatggattcatt
atattggttaactgtatcgattggatcaggagctggaagttcttcctgattgactttattcttacctgcettagecatttccagg
atatttctgctgtgcataataatgttaggcataggtctagatataatttgtaaggaaatatggtacaatgataatcaactg
ataacctttgaagtcctctggacaggatgcaattatttctgcacaatctgtactgtgtgectcagtgtcttctacttectcaa
gatagccaactcttccaatcccattttcttctggctaaaacggagaattcacagactgcttctcattattgtectgggagea
gtcttctatttctgettgtecctgettttgaaggatatagtatttaagaacatgatcaaaaccaaggtaaacactgaaagea
atgtgacattaaatttcacagcgagaaaatatgatttactaacttctaatatattcctgaacatgctattegtcatecccttt
gcagtgtctctggcttectttgtecttttgatccattecttatggaaccataccaggeggatgaagggcattgattetgggg
atcttatcacagaggcccatgtaagagccatgaagtttatgatttcattcctgetattcttctttatatactatttgagcaat
attataatatattttgcctatgttgttctggatagtctggtggcaaaaatttttgctaatatattagtattttectatecttetg
gccatccatttcttctgattttatggaactgcaaattgaaacaggcttctctctatgtectgaggaagetgaagtggtgceat

gaatctaaggaaacccgcatacataaagcatacctga

dTas2r38

atgttggctctgactcctgttataactgtgtcctatgaagtcaagagtgceatttatgttcctttcagtactggagcetegeagt
ggggatcctgaccaatgcecttcattttcttggtgaatttttgggatgtggtgaggaggcagecactgageaactgegatctt
atccttctgagtctcagectcactcgacttttectgeatgggetgetgtttetggatgecatccagettacatacttccageg
gatgaaagacccactgagcctcagctaccagaccatcatcatgcetctggatgatcacaaaccaagcetgggcetetggcetc
accacctgtctcagtcttttctactgctccaagattgtcegtttctctcatacectecttctctgettggcaaactgggtctec
aggaaggcaccccagatgctcectgggtgecatgcettttctettetgectgeactctectcetgtttgggggacttctttagtag
atctggctttgcattcacaactgtgctactcatgaataatacagaatttaattcacaaattgtaaaactcaatttctattatt
cctccatcttctgtaccctggggtcaatceectectttcatgttttttctggtttcttctggggtgctgattatctctctgggaag
gcacatgagaacaatgaaggccaacaccaaagactccggtgaccccagectggaggeccatatcaaageactcatate
tctcatctectttctctgectctatgtggtgtcattcetgtgttgeccttatctcagtgectttaaccatggtgtggcacaacaa
gatcggggtaatgatctgtgtagggatcctagcagettgtcectctatacatgcagecatcectgatctcaggcaatgecaa
gctgaggagagctgtggagaccattctactctgggttcagagcagecttaaggtaagggcaggecacagggcagatctc

aggactccagatctatgttga

dTas2r39
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atgatggaaacctgcaatcccccagaaaatgaattgtcaccatttggeatcctctegattttaacaattacaggeactgaa
tgcatcgttggtatcattgcaaatgggttcatcatggctataaatgeggetgaatggattaaaaataagacagtttccaca
agtggcagagtcctgtttttcttgagtgcatccagaatagetctccaaagettcacaatgctagaaattaccttcagttcaa
catccccacgtttttataatgaagatgttatgtatgacacattcaaagtaagtttcatgttcttaaatcattgtagectctgg
tttgctgcttggctcagtttcttctacttegtgaagattgetgatttctcccaccecctttttctcaagetgaagtggagaattt
ccagactgatgccctggcttctgtggctttcagtgcttatttecttgggcetacagtatgetectctccaatgacatctacact

gtgtattgtaacaattcttctatcccctcttccaactccactaagaaaaaatacttcactaagaccaatgtggtcaacctgg
ttcttctctataacctggggatcttcattectctaatcatgttcatectttcggecaccectgetgatcatctctctcaagagac
atacactacacatggaaagcaatgccactggctgcagggaccccageatggaggcetcacataggggecatcagagega
ccagctactttctcattctctatattttcaattcagttgctctatttctctatatgtccaacatctttgatatcaacagcetectg

gaatattttgtgcaaattcatcatggctgectaccctgetggtcactecattetgetgattcaggacaaccctgggttgaga

agagcctggaagcggcttcagectcaagttcatttttacctaaaagagcagactccatga

dTas2r40

atggccacagtgagcacagatgccacggatagagacatgtccaggtttaaaatcgtectcaccttggtggtceccggaat
agagtgcctcactggcatcgttgggaatggcttcatcacaatcatccatggggecaagtgggccagaggcaaaaggctc
ccggtcactgactgcattctgetgatgcetcagcettttccaggetcttactgcagatctggatgatgetggagaatatttaca
gtctactattccgggtcacttacaaccaaagcacagtgtttatagtcttcaaagtcactgtcattttcctgaactatttcaac
ctctggcttgetgectggctcaacatcttctattgtctgagaatcacaaacttggetcaccatgtgttcttcatgatgaagag
gaaaatcacggagctgatgccteggcttctgggactgtcactgttcatctecttatgettcagcetttectttctctacagata
tcttccatgtgtacgtaaacagttccatecctatecgttectccaataccaccgagaagaagtacttctctgagaccaatgt
ggtcaacctggttcttctctataacctggggatcttcattectetgatcatgttcatectttcggecaccctgetgatcatcete
tctcaagagacacacactacacatggaaagcaatgccactggctgcagggaccccageatggaggctceactttggggcec
atcagagcgaccagctactttctcattctctacattttcaatgcagttgcetctatttctttccatgtccaacatcttcgacate
aacagctcctggaatattttgtgcaaaattgtcatggecgectacccagetagecactcagtgetactgatcttgggtaac

cctgggctgagaagagectggaagaggtttcageaccatgttectcttcacctgtaa

dTas2r41

atgcagccecgecegtgtecgecttcettcatgetgetctttgtectgetgtgtgtectggggatectggecaacggcttcategt

gctggtgctgagcagggagaggatgeggegggggaggctgcteccctecgacgtgatectecttagectgggegectece
gcttctgectgeagtgeattgggatgatgaacaacttttactactacctccacctggaggagtacagcacgggeccggcetc

ggcaattctttggcctccactgggacttcctgaacteggecaccttcetggtteggetcttggetcagegtectcettetgeatg
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aagatcgccagcttcacccaccccaccttectctggetgaggtggeggctcccaggeteggtgecctggetecteggggct
tcectectgatctecttectegtcaccctgetettcttttggggaaaccatgecgtgtatcaaggattectaatcagaaaata
ccccgggaacatgaccttccageagtggagcaggaggctggaaattcactatttcttgeccctgaaattcatcaccttgte
agtgccttgctctgtcttectggtgtccategeactgttgattaattccctgaggegacacagggggaggatgeggegeag
tggccacggectgcaggaccccageagecaggetcacaccagggcetctgaagtecctegtetecttecteattetgtatge
tctgtectttgegtcectggtcatcgatgetgegggtttcttctgetcgcagagtgactggtactggecctggeagattttaa

tctacctgtgcacctctgtccatecctatatectcatectcagcaaccteecggetccgaggggggtgcaggeagcetacttct

gttggtcaggggctcccagetggectag

dTas2r42

atgttagctggattggatataatctttcttacactgtcaacagcagaattcataattggaatgttggggaatgegttcattg
gactggtaaactgctctgaatgggtcaagaaccggaaaatctctttagetgacttcattctcatcetgettggetatctecag
aatcgctcagctgttggtgtcatggtttgaatcatttatgatgggactatctecacttttcttttccacttataaactggeaaa
atctattactttgctttggagaataactcatcatttggctacgtggtttagtacctgectaagceattttctacctecttaagat
agctcagttctctcatteecttttectctggetgaggtggagaatgaacagagtggttcttgeaattcettgtattttctttgttc
tttctactgtttgactttctaatgctagaaacattcaatgatctcttctcgaatgtcgatgcaatggatgaaagtaatctgac
tttatatatatatgaaagtaaaactttttatgttaaaaccttgattcttcttagtttttcctatatcattectattattctgtecc
tgacctcattgctccttttatttctgtecttggtaaaacacatcagaaatttgcagcetcaactccatgggetccagggattee
agcacacaggcccataaaaaagccattaaaatggtgatgtctttectcttecttttcacagttcactttttttccatacaatt
gtcaaattggatgttttttttattttggaacaagaagatcacaaagtttatcatgttggecgtttatgtctttccttcaageca
ctcactaattttgattctgggaaacagcaagctgagacagacagecttgaaggtactgtggceatcttaaaagcetecctga

aaagagaaaaaccaaattcatctttaccgatagactttccagaatctttccaatga

dTas2r43

atgctacctttactacagagcattttttccatcctagtaatgacagaatttgttctaggaaattttgccaatggettcatagt

gctggtgaactacattgcatgggtcaagagacaaaagatctcctcagetgatcaaattctcactggtctggetgtctecag
aattggtttactctgggtaatattaataaattggtatgcaactctgttgaatccagctttatatagcttagaagtaaggcttc
ttgttcatattgcctggacagegaacaatcattttageatctggettgetactagectcagtgtattttatttgttcaaaatag
ccaatttctctaaccttatttttcttcgcctaaagtggagagttaaaagtgtagtttttgtgatgetgttggggtctttgttctt
tttggtttttcatgttgcagtggtaagcatatatgagcaaatgcagatgaaggaatatgaaggaaacatcactaggeaga
ccaaactgagggacattgcacagcttatgaatatgactgtattcacgctaatgaactttgtaccctttgctatatccctaac

atcttttctgctgttaatcttttccctgtggaaacatctcaagaagatgegatccggtggtaaaagatatcaagattccage
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accaaggtccacataaaagccatgcagactgtgatctcttttcttttgttattagtttgttacttcctgactttaattgecata
gtttggagttctaataggctgcagaacaagttgatcttcttgetttgcaaggctattggaatcctgtatccttcaagecacte
atttatcctgatttggggaaacaagaagctcagagaggactttctgtcatttctgtggcagetgaagggctggetgaaaa

aaggatataagaggagcatcatgtgtcttctaggagaaaacaaattgatggagtctgtaatatttttttcttctacttctttt

tctaatgagtatgtaattgagcaatttccaaagatttacctaaaaaagtcttttctctga

dTas2r62

atgtcctectcacctacattgatcttcatggtcatcttettectggagtegttggetgeaatgetgeagaatggcttcatggtt
actgtgttgggcagggagtgggtgcgacgeecggacgcetgectgeaggtgacatgattgtggecteectggetgectectg
gttctgectgeatggggtggecatectgaacaacctettgatcettctttggttttcacttcgtaagggattattacaacaccc
tctggcactttgtcaacactctcactctctggcetcactgectggettgetgtettctactgtgtgaaggtegecegtcettetetc
acccggtcttcttctggetgaaatggaggatttcteggttagtgeccaggetgetgetgggcteectggtcettagttggectg
acagtcatctcatcagcecattgtgactggaattctgaaacagatgattgectccaagagttcccaaggaaacagceacctg
ggctgagagagtacaggccttctataggtcttttcatctatttgatgtaatgcttatgtggtcagttecattectectgttctt
ggtgtccatgctcttgettgtgttctcactgtgecggeatttggggttgatgaggaactatagacaggacccatgtgatect
agcacccgggttcacacgatggecctgaagtcacttgtcttcttecttgtcttctacacaccatatttectgtctcetggttgtt
gttgctatagaaataacaaacttccagagtcactggtactgggectgggaagtggtaacctatgegageatcetgtctgea
ctccagcatgetggtgctaagcagecccaaactgagaaaggtectgatgaccaggcetttggaaagetctggacaaagge

tga

dTas2r67

atgccatctagaattgaaaatgcttttctggtagcagcagcaggagaactcataactggaatgttggggaacggtttcatt
gtactagttaactgcattgacttggtgaagaatctaaagctctctactgetgactgeatcectcaccagectggetctttcca
gaatcattcttctttgtataatactacttgattcacttttaatggtgttttggcaacatctttatgccattgataagctagceaa
aattcattagtgttttttggacactaagcaatcacctaactacctggattgttacctgtctaaatgttttctacttctttaaaa
tagccaatttttcccaccectgtttcacctggetgaggtggagaattagcagagtgctacttgtgcetteccactggggtcttta
ttcttactgtttttcaactttgaattattagatacatttacgaatttctgggttaatctctatcaaagacatgaaagaaactc
aatttggtccctagatgtaagtaaaactctgtatcttaacagettgattgttttcagtttcatctacttaatcccctttcttetg
tccctggectctttgetecttttatttctttecttaatgagacatatcaggaatgtgcaacggaactccagcetctagggactt
cagaacagaggcccataaaagggccatgaaaatggtgatgtcttctctttttctttccatggttaattttacttccatectat

taacaggatggttttcccttttactgcagaatcatcaggcecaatttggctgtectgttattatcgactcttgtaccctcagge
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cactcatttattctaattttgggaaacaacaagttgagacaagctgcgttaggtctactgtggcatcttaattgecacctga

aaatggtgaagcctttcgcttcctag
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Appendix 2.1: Comound details for the screening library.

Compound Supplier Product ID CAS Number
1, 10- Sigma 131377-25G 66-71-7
Phenanthroline

4-Benzylpiperidine Sigma 142360-25G 31252-42-3
6-Nitrosaccharin CarboSynth FN15866 22952-24-5
Acetaminophen Sigma A7085-100G 103-90-2
6a- Sigma MO0639-100MG 83-43-2
Methylprednisolone

Aloin Sigma B6906-25MG 1415-73-2
(-)-a-Thujone Sigma 89231-5ML 546-80-5
Aristolochic acid | Sigma A5512-100MG 313-67-7
Brucine sulphate Sigma B0378-25G 652154-10-4
salt hydrate

(-)-Camphor Sigma 21293-1G 464-48-2
Chloramphenicol Sigma C0378-5G 56-75-7
Chlorhexidine Sigma 282227-5G 55-56-1
Chloroquine Sigma C6628-25G 50-63-5
diphosphate salt

Colchicine Sigma C9754-1G 64-86-8
Cucurbitacin B Sigma C8499-25MG 6199-67-3
hydrate

Cycloheximide Sigma 01810-5G 66-81-9
Denatonium Sigma D5765-10G 3734-33-6
benzoate

Dextromethorphan | Sigma D2531-5G 6700-34-1
hydrobromide

monohydrate

1,1- Sigma D150959-5G 1115-70-4

Dimethylbiguanide
hydrochloride
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1,1-Diphenyl-4- Tokyo Chemical D2062 3254-89-5
piperidino-1-butanol | Industry (TCI)

hydrochloride

(Diphenidol)

Doxepin Sigma D4526-1G 1229-29-4
hydrochloride

Ethylpyrazine Sigma 250384-5G 13925-00-3
Flavone Sigma F2003-1G 525-82-6
N-(3-Oxooctanoyl)- | Sigma 01764-100MG 147795-39-9
L-homoserine

lactone

Aurintricarboxylic Sigma A1895-25G 4431-00-9
acid

L-Menthol Sigma W266523-100G 2216-51-5
Ofloxacin Sigma 08757-10G 82419-36-1
Oleuropein Sigma 12247-50MG 32619-42-4
Omeprazole Sigma 0104-100MG 73590-58-6
Oxybutynin chloride | Sigma 02881-5G 1508-65-2
Oxyphenonium Sigma 05501-5G 50-10-2
bromide

Papaverine Sigma P3510-5G 61-25-6
hydrochloride

Parthenolide Sigma P0667-5MG 20554-84-1
Picrotoxin Sigma P1675-5G 124-87-8
Pirenzepine Sigma P7412-1G 29868-97-1
dihydrochloride

Prednisone Sigma P6254-10G 53-03-2
6-Propyl-2-thiouracil | Sigma P3755-10G 51-52-5
(PROP)

N-Phenylthiourea Sigma P7629-10G 103-85-5

(PTC)
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Quinacrine Sigma Q3251-25G 69-05-6
dihydrochloride

Quinine Sigma Q1125-5G 6119-47-7
hydrochloride

dihydrate

Resveratrol Sigma R5010-100MG 501-36-0
Sucralose Sigma 69293-100G 56038-13-2
D-(-)-Salicin Sigma S0625-25G 138-52-3
Sinigrin hydrate Sigma 85440-1G 3952-98-5
Strychnine Sigma S$8753-25G 1421-86-9
hydrochloride

Thiamine Sigma T4625-5G 67-03-8
hydrochloride

Trimethoprim Sigma 92131-5G 738-70-5
Yohimbine Sigma Y3125-10G 65-19-0
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Appendix 3.1: All code used for edgeR analysis of RNAseq data.

#Script for expression analysis of STAR aligned data with featureCounts processing

#Set wd
setwd("C:/Users/gibbsmat/OneDrive - Mars Inc/Documents/Taste and Olfactory

Receptors/PhD/Taste papillae sampling/star-featcount_results/edgeR")

#Read in the group data

targets <-read.delim('groups.tsv', stringsAsFactors = FALSE)

#Set groups
group <- paste(targetsSlocation, targetsSStatus, sep=".")
group <- factor(group)

table(group)

#Read in the raw count data
raw_counts <- read.delim('raw_counts_2.tsv', stringsAsFactors = FALSE, row.names =
1)

raw_counts <- raw_counts[!apply(is.na(raw_counts),1,all),]

#Convert it to a matrix

raw_counts_matrix <- as.matrix(raw_counts)

#Read in count_results

count_results <- read.delim('count_results.tsv', stringsAsFactors = FALSE)

#Visualise count_results

library(ggplot2)

stats <-data.frame(count_results[, -1], row.names = count_results[, 1])
stats <- stats[apply(stats, 1, function(x) any(x > 0)),]

stats <- reshape2::melt(t(stats))
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statsSname <- targets[statsSVarl, 'Name']

ggplot(stats, aes(x = name, y = value, fill = Var2)) +
geom_bar(stat = "identity", position = 'fill') +
theme_bw() +
theme(axis.text.x = element_text(angle = 90), legend.title = element_blank()) +
xlab("Sample") +

ylab(NULL)

#Read in the gtf file information

gtf_file <- ('"Canis_familiaris.CanFam3.1.96.2.gtf")

library(rtracklayer)

gtf_content <- import(gtf_file, feature.type = 'gene’')

annotation <- data.frame(elementMetadata(gtf_content), stringAsFactors = FALSE)

rownames(annotation) <- annotationSgene_id

#Order rows and columns of expression matrix to match gene and sample tables
raw_counts_matrix
raw_counts_matrix <- raw_counts_matrix[rownames(annotation), gsub("\\-

""" targets|,1])]

#Load edgeR
library(edgeR)

#Build DGE list
dglist<- DGEList(counts = raw_counts_matrix, samples = targets, genes = annotation,

group = targetsSlocation)

#Calculate normalisation factors

dglist <- calcNormFactors(dglList)

#Output TMM normalised counts
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tmm <- cpm(dglList)

#Multi-dimensional scaling plot
plotMDS(

dglist,

gene.selection = 'pairwise’,

col = as.integer(dgListSsamplesSgroup), # specifics the sample attribute that will
colour the points

labels = dgListSsamplesSID # specifics the sample attribute that will label the points
)

#Remove the outlying samples

dglist2 <- dglList[, which(dgListSsamplesSID !="S20, S35, S28, 525")]

#Make a PCA plot

library(ggplot2)

library(ggrepel)

pca_plot <- function(inputDgList,labels,color,shape,PC1,PC2){

## PCA analysis

dglList <- inputDgList

pcavals <- log2(dgListScounts + 1) # log transforming the counts makes it easy to
compare very high and very

# low levels of expression. Adding 1 is necessary to avoid log transforming zeros.

pcavals_var <- pcavals[apply(pcavals, 1, function(x) length(unique(x))) >1,] #
remove genes that have the same expression in every sample

pcavals_t <- t(pcavals_var) # transpose (swap row and columns) the
data frame

pcavals_m <- as.matrix(pcavals_t, scale =T) # convert the data frame to a matrix

pca <- prcomp(pcavals_m) # Perform the principle components analysis
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fraction_explained <- round((pcaSsdev)”*2/sum(pcaSsdev”2), 3) * 100 # Get the

fraction of variance explained by each princple component

guides <- guides(shape=FALSE)
if(PC2=="PCA2"){guides <- guides(shape=FALSE,color=FALSE)}
plotdata <- as.data.frame(pcaSx)
plotdataSlabel = dgListSsamples|[[labels]] # Make a list of labels for each point
plotdataScolor <-as.factor(dglListSsamples[[color]]) # Make a list of factors to
determine the color of each point
plotdataSshape <-as.factor(dgListSsamples[[shape]]) # Make a list of factors to
determine the shape of each point
pcaplot <- ggplot(plotdata, aes_string(PC1, PC2, color = 'color’, shape = 'shape’,
label ='label")) +
geom_point(size = 3) + # change this number to alter the size of the points
geom_text_repel(size = 3, segment.size = 0.1, nudge_y = 0.05, nudge_x = 0.05,
point.padding = unit(0.5, 'lines'), force = 2, max.iter = 10000)+
theme(
axis.text.x=element_text(size=14),
axis.text.y=element_text(size=14),
axis.title.x=element_text(size=16),
axis.title.y=element_text(size=16),
legend.text = element_text(size=12),
legend.title = element_text(size=14),
legend.position="bottom"
)+
scale_x_continuous(limits=c(-1,1)*max(abs(plotdataSPC1)),name = pasteO("PC1
(",round(summary(pca)Simportance([2,1]*100),"%)"))+ #These two lines added by
Ruth to scale plot correctly and add % to axis labels
scale_y_continuous(limits=c(-1,1)*max(abs(plotdataSPC2)),name = pasteO("PC2

(",round(summary(pca)Simportance[2,2]*100),"%)"))
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#By addgng ‘geom_text_repel’ the labels will be added in sensible places, join to

the point with a line if necessary.

## make a scree plot
variance<- pcaSsdev/A2 # get the variance for each principle component.
variance <- variance[l:(length(variance)-1)] # Miss the last one because it's 0 and
makes the plot look weird
pev <- (cumsum(variance)/sum(variance))*100  # Calculate the culmative
variance explained by increasing numbers of principle components.
plotdata <- data.frame(
PC = c(1:length(pev)),
pev = pev,
type = 'scree’

)

origin_line <- data.frame(PC = c(0, 1), pev = ¢(0, pev[1]), type = 'orign')
screeplot <- ggplot(rbind(plotdata, origin_line), aes(PC, pev,color = type, linetype =
type)) +
geom_point(size = 3) + geom_path() + scale_color_manual(values = c('black’,
'grey’))+
ylab('Cumulative variance explained (%)') + xlab('Principal component') +

theme_bw() + theme(legend.position="none") +

theme ()
list(
pca = pca,

pcaplot = pcaplot,
screeplot = screeplot

)
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pca_output <- pca_plot(dgList, labels = 'ID', color = 'group', shape

='Breed’,'PC1','PC2')

#Output pca and scree plots
print(pca_outputSpcaplot)

print(pca_outputSscreeplot)

#Test for associations between principle components and variables
pca_pvals<-function(pca,variables,this_dgList)
{

pcameta<-this_dglistSsamples[,variables] # Variables to test for association with
principle components

last_pc<-10 # Number of principle components to include

H## create an empty matrix (columns are experimental variables, rows are principle
components)
pvals <- matrix(
data = NA,
ncol = ncol(pcameta),
nrow = last_pc,

dimnames = list(as.character(1:last_pc), colnames(pcameta))

# Fill the matrix with anova p values

for (i in 1:ncol(pcameta)) {
for (j in 1:last_pc) {
fit <- aov(pcaSx|, j] ~ as.factor(pcametal, i]))
if ("Pr(>F)" %in% names(summary(fit)[[1]])) {
pvals[j, i] <- summary(fit)[[1]][["Pr(>F)"1]1[[1]]

}
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# Calculate the percent variance explained by each component

fraction_explained <- round((pca$Ssdev)”*2/sum(pcaSsdev”2), 3) * 100

names(fraction_explained) <- colnames(pcaSx)

rownames(pvals) <- paste(paste('PC', 1:last_pc, sep=""), " (",
fraction_explained[1:last_pc], "%)", sep="")

pvals

}

#Use this function
pca_pvals(pca_outputSpca,c('group','Breed’,'dog'),dglist) # arguments are results of
PCA analysis and list of

# experimental variables to test, and the dglist object

#Filter the data on cpm threshold
dglist <- dglList[rowSums(cpm(dgList)>=0.0001) >= 1, , keep.lib.sizes=FALSE]

dglList <- calcNormFactors(dgList)

#Model the experimental design
design <- model.matrix(~ 0 + location + dog, data = dgListSsamples)

design

#Estimate dispersion
dgGIm <- estimateDisp(dgList, design, robust = TRUE)
plotBCV(dgGIm)

#Fit GLMs
fit <- glmQLFit(dgGIm, design, robust = TRUE)

#Set up contrasts
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contrast_name <- "locationBack-locationFront"

contrast_matrix <- makeContrasts(contrasts=contrast_name, levels=design)

#Test for De with first contrast

de <- glmQLFTest(fit, contrast=contrast_matrix)

#Top genes
top_genes <- topTags(de, n=20)

top_genes

#Code for plot_gene

plot_gene <- function(gene_id, inputDgList){

expr <- cpm(inputDgList)

plot_data <- cbind(inputDgListSsamples, expression = expr[gene_id,]) # Add
expression

#data for the top gene to a copy of the sample info

plot_data <- plot_data[order(plot_dataSgroup),] # Re-order so we show cancer/
non-cancer

#samples in different groups

plot_dataSsample <- factor(rownames(plot_data), levels=rownames(plot_data)) #
Create a

#variable to be used as a sample label

p <- ggplot(plot_data, aes(x=Name, y=expression, fill=group)) +
geom_bar(stat = "identity") + theme_bw() +
theme(axis.text.x = element_text(angle = 90, hjust = 1)) +
ggtitle(paste(gene_id, annotationSgene_name[match(gene_id,
annotationSgene_id)], sep=":"))
print(p)

}
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#Run the plot_gene function for one gene

plot_gene('ENSCAFG00000011075', dglist)

#Plot the top genes expression profile
plot_gene(rownames(top_genes)[1], dgList)
plot_gene(rownames(top_genes)[2], dgList)

plot_gene(rownames(top_genes)[3], dgList)

#Plot heatmap

plot_heatmap <- function(plot_genes, title=", inputDgList){

library(pheatmap)

# Pick sample variables to plot
annotation_col <- inputDgListSsamples[with(inputDgListSsamples,
order(group,location)),

c( 'location','Breed')] # you will need change or remove

'Gender'

# according the variables in your experiment

# Take out any genes not in the matrix

plot_genes <- plot_genes[plot_genes %in% rownames(inputDgList)]

# Make an expression mratix by calculating com and pulling out the selected genes,

#ordering by the sample annotation

expression <- cpm(inputDgList)[plot_genes,rownames(annotation_col)]

plotmatrix <- log2(expression + 0.1)

rownames(plotmatrix) <- annotation[rownames(plotmatrix), 'gene_name']
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grid::grid.newpage()
pheatmap(
plotmatrix,
show_rownames =T,
annotation_col = annotation_col,
border_color = NA,
legend = FALSE,
cluster_cols = FALSE, # change o TRUE to get a dendrogram of samples
cluster_rows = TRUE,
scale = 'row',
color = colorRampPalette(rev(RColorBrewer::brewer.pal(n = 7, name =
"RdYIBu")))(100),
main = title
)

}
#Order and plot top genes

plot_heatmap(rownames(top_genes), inputDgList = dglList)

#p-values for all genes

results <- topTags(de, n=nrow(dgList), sort.by="none')Stable

H#write to file

write.csv(results, file="differential_results.csv')

#Check overall genes matching threshold FDR and fold change
fdr_threshold <- 0.05
fc_threshold <- 2

diffexp_genes <- rownames(results)[abs(resultsSlogFC) >= log2(fc_threshold) &
resultsSFDR <= fdr_threshold ]

print(paste(length(diffexp_genes), 'genes are differentially expressed at
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a fold change of at least',fc_threshold, 'and a maximum FDR of’,

fdr_threshold))

#MA plots
plotMD(de, status = decideTestsDGE(de, p.value=0.05),cex=0.3) # 'cex' dictates the
size of the points

abline(h=c(-1,1),col="blue")

#MA plot in ggplot

ma_plot<- function(results_table, fc_threshold, fdr_threshold){

results_tableSsignificant <- 'no'

results_tableSsignificant[ results_tableSFDR <= fdr_threshold ] <- 'yes'

ggplot(results_table, aes(logCPM, logFC, color=significant)) +
geom_point(alpha=0.2) + # This alters the transparency of the points
scale_colour_manual(name = 'significant', # provides the label

values = setNames(c('red’,'grey'),c('yes’, 'no'))) +

geom_hline(yintercept=log2(fc_threshold), linetype= "dashed") +
geom_hline(yintercept=-1*log2(fc_threshold), linetype= "dashed") +

theme_bw()

ma_plot(results,2, 0.05) # The arguments are: results table, fold change threshold,

FDR threshold

#Volcano plot

volcano_plot<- function(results_table, fc_threshold, fdr_threshold, log=FALSE){

results_tableSsignificant <- 'no’
results_tableSsignificant[ abs(results_tableSlogFC) >= log2(fc_threshold) &

results_tableSFDR <= fdr_threshold ] <- 'yes'
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# Un-log the values if necessary

if(! log){
results_tableSlogFC <- sign(results_tableSlogFC)*2**abs(results_tableSlogFC)
}
ggplot(results_table, aes(logFC, -log10(FDR), color=significant )) +
geom_point(alpha=0.2) + # This alters the transparency of the points
scale_colour_manual(name = 'significant’,
values = setNames(c('red’,'grey'),c('yes’, 'no'))) +

theme_bw()

volcano_plot(results, fc_threshold, fdr_threshold) # The arguments are : results
table, fold change threshold, FDR threshold
volcano_plot(results, fc_threshold, fdr_threshold,log=TRUE) # Arguments are results

table, fold change threshold, FDR threshold
H#Write cpm to file

cpm_list <- (cpm(dglList, normalized.lib.sizes = FALSE, log = FALSE))

write.csv(cpm_list, file ='cpm_list.csv')
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Appendix 3.2: Raw count and TMM data used for dTas2r expression analysis.
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Appendix 4.1:

Calcium mobilisation %WT
response to 5mM 6-nitrosaccharin
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Calcium mobilisation %WT
response to 5mM B-nitrosaccharin
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