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Abstract

In the gustatory system, the recognition of sugars, amino
acids and bitter-tasting compounds is the function of
specialized G protein-coupled receptors. Recently, two
members of novel subfamily of G protein-coupled receptors
were proposed to function as taste receptors based on
their specific expression in taste receptor cells. Here, we
report the identification of a third member, T1R3, of this family
of receptors. T1R3 maps near the telomere of mouse

chromosome 4 rendering it a candidate for the Sac locus,
a primary determinant of sweet preference in mice.
Consistent with its candidacy for the Sac locus, T1R3
displays taste receptor cell-specific expression. In addition,
taster and non-taster strains of mouse harbor different alleles
of T1R3.
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Mammals have the ability to taste a large variety of
chemicals including simple ions, such as sodium and
protons, as well as organic molecules, such as sugars,
amino acids and numerous bitter-tasting compounds.
Despite the structural diversity of tastants, the gustatory
system discriminates among only a small number of
modalities including sour, salt, bitter, sweet and umami,
the taste elicited by glutamate. Studies of the various signal
transduction pathways in taste receptor cells indicate that
protons and sodium ions depolarize taste receptor cells by
interacting directly with ion channels ultimately leading to
sour or salty perception. Glutamate and molecules perceived
as bitter and sweet, however, are thought to activate
G protein-coupled receptors (GPCRs) (Kinnamon and
Margolskee 1996; Herness and Gilbertson 1999; Gilbertson
et al. 2000).

The initial step in tastant recognition occurs on the apical
surfaces of taste receptor cells that are clustered within taste
buds of the tongue and palate. Individual taste buds contain
50-150 taste receptor cells. Taste buds on the tongue are
organized into three types of spatially segregated papillae:
the circumvallate, fungiform and foliate papillae. Circum-
vallate papillae are located in the medial posterior region of
the tongue, foliate papillae in the lateral regions of the
tongue and fungiform papillae in the anterior two-thirds of
the tongue. Dependent on their positions, taste buds are
innervated by different cranial nerves; those in the posterior

region of the tongue are primarily innervated by the
glossopharyngeal nerve, whereas those in the anterior
portion of the tongue are innervated by the chorda tympani
branch of the facial nerve.

The functional significance of the different types of
papillae and their differential innervation and localization on
the tongue is unclear. Furthermore, the selectivity and
response profiles of taste receptor cells are not well
characterized. For example, taste receptor cells, as appears
to be the case for those expressing bitter receptors (Adler
et al. 2000; Matsunami et al. 2000), may express multiple
taste receptors and be broadly tuned responding to many
tastants. Conversely, analogous to mammalian olfactory
sensory neurons, a taste receptor cell may express a single
receptor and exhibit high selectivity for a particular
subset of structurally similar tastants. The identification
of taste receptors and the determination of their
selectivities and cellular and spatial distributions are
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critical to understanding the molecular mechanisms that
detect and process gustatory information both in the
periphery and in the brain.

Recent molecular studies have led to the identification of
a large family of GPCRs, two members of which have been
shown to function as bitter taste receptors (Adler et al. 2000;
Chandrashekar et al. 2000; Matsunami et al. 2000). In
addition, a taste cell-derived variant of the mGIluR4
receptor, taste-mGluR4, has been proposed to function as
a umami taste receptor (Chaudhari er al. 2000). The
identities of sweet receptors, however, have remained
elusive. Possible candidates for such receptors include two
taste receptor cell-specific receptors, TIR1 and T1R2 (Hoon
et al. 1999). These receptors are differentially and
selectively expressed on the apical surfaces of subsets of
taste receptor cells. To date, however, TIR1 and TIR2
have not been functionally characterized. In addition, the
Sac (saccharin preferring) locus, which maps near the
telomere of mouse chromosome 4, has been shown to be a
major genetic determinant of sweet preference in mice
(Fuller 1974; Lush 1989; Lush et al. 1995; Bachmanov
et al. 1997; Blizard et al. 1999). However, the gene
responsible for the Sac phenotype has not been cloned (Reed
2000).

Here we report the identification of a novel candidate
taste receptor gene, TI/R3, which maps to the distal
region of mouse chromosome 4 within the genetically
defined interval for the Sac locus. Requisite for T1R3
functioning as a taste receptor, we show that TI/R3 is
selectively expressed in taste receptor cells. Furthermore,
we identify several polymorphisms between the TIR3
genes of sweet-tasting and non-tasting strains of mice;
six of which are predicted to result in amino acid
substitutions.
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Materials and methods

Isolation of genomic and cDNA clones of TIR3

Based on human database sequences, degenerate oligonucleotides
were designed to PCR amplify a segment of the mouse T/R3 gene
from genomic DNA. The 5’ primer was 5'-AYTGGGTIGCIGCIY-
TIGGIWSIGAYGA-3' and the 3’ primer was 5’-TIATRCARTCR-
CAYTGIGGRCAICKYTG-3'. The resulting fragment of = 500 bp
(corresponding to amino acids 206—376 in TIR3) was subcloned
into vector pCR2.1 (Invitrogen) and used to generate a probe for
screening a mouse genomic library. A similar strategy was used to
isolate the corresponding fragment from the human genomic DNA.
DNA sequence analysis in this region indicated that the mouse and
human genes were 72% homologous, verifying that the mouse and
human genes were orthologs. The 500-bp fragment was radio-
labeled and used to screen at high stringency a lambda 129/Sv
mouse genomic library (Stratagene) resulting in the isolation of a
13-kb genomic clone containing the 7/R3 gene and surrounding
sequences. To verify the internal intron/exon boundaries of T/R3 a
3.2-kb fragment of genomic DNA, which contained the six coding
exons and intervening introns of 7/R3, was subcloned into
pcDNA3.1 (Invitrogen) and stably transfected into HEK 293
cells. Primers were designed to sequences in the 5'- and 3/-UTRs
of TIR3 to amplify it from first strand cDNA synthesized from two
independent, expressing cell lines. RT-PCR products derived from
both cell lines displayed the predicted gene structure, although
clones that were either incompletely processed or alternatively
spliced were also identified. The 5’ and 3’ primers were 5'-TC-
AGATTCGTGCTGGAGACTTCTACCTAC-3' and 5'-AAGGTC-
AGTGGAGTCCAAGTCTATAG-3/, respectively.

Radiation hybrid mapping

Radiation hybrid mapping was performed using a mouse/hamster
radiation hybrid panel (Research Genetics). Results were submitted
to the Jackson Laboratory Mouse Radiation Hybrid Database
(http://www jax.org/resourses/documents/cmdata) for analysis.

13 kb > "
| 7.1kb [ TiR3 3.2kb 18kb | DvI1 |
64aa 100aa 268aa 66aa 40aa 320aa
- | | == gy —-——
109bp 80bp 111bp 98bp 175bp
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Fig. 1 Genomic organization of the T71R3 gene. The genomic struc-
ture and six predicted coding exons of T1R3 are shown. The gene
structure was determined using gene prediction programs and by
comparison of genomic and cDNA sequences. The intron—exon
structure is conserved with that of the calcium sensing receptor
(Pollak et al. 1993). All splice junctions are flanked by GT at the 5’
donor site and by AG at the 3’ acceptor site. The putative initiating

methionine, surrounding Kozak sequence (Kozak 1987), and termi-
nation signal are indicated. Arrows represent relative directions of
transcription of T7R3 and the 3’-most exon of neighboring gene,
Dvl1, a homolog of the Drosophila segment polarity gene Dsh
(Klingensmith et al. 1994; Sussman et al. 1994). The GenBank
Accession no. for the T1R3 gene is AY026318.
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In situ hybridization

In situ hybridizations were performed using a = 500 bp fragment
of TIR3, corresponding to sequences that encode amino acids
206-376, cloned into pCR4 (Invitrogen). cRNA probes were
prepared by in vitro transcription of linearized plasmid DNA using
T3 or T7 RNA polymerase for the generation of the sense or
antisense RNA probe, respectively. For the *°S-labeled probes,
templates were transcribed in the presence of 4 wCi/pL [*>S]JUTP
(> 1000 Ci/mmol, NEN). For digoxigenin-labeled probes, tem-
plates were transcribed in the presence of 35 mm digoxigenin-11-
UTP (Roche Molecular Biochemicals).

For in situ hybridization with radiolabeled probes, tissue was
dissected and fixed overnight in 4% paraformaldehyde in
phosphate-buffered saline (PBS). Following embedding in paraffin,
serial cross-sections (10 wm, proceeding posteriorly to anteriorly)
of the tongue were collected on gelatin (0.2%)-treated slides and
prepared for in situ hybridization as described previously (Sassoon
et al. 1988; Ressler et al. 1993). Hybridizations were carried out at
52°C for 16 h in 50% deionized formamide, 0.3 m NaCl, 20 mm
Tris—HC1 (pH 7.4), 5 mm EDTA, 10 mm NaPO, (pH 8), 10%
dextran sulfate, 1 x Denhardt’s solution, 50 pg/mL yeast RNA with
35 000-50 000 c.p.m./uL *S-labeled RNA probe. Following
hybridization, coverslips were removed, and the slides were
washed in 50% formamide, 2x NaCl/Cit, 0.1 m dithiothreitol at
65°C. Slides were then rinsed in 0.4 M NaCl, 0.1 m Tris (pH 7.5),
0.05 m EDTA, treated with RNaseA (20 wg/mL; Sigma) for
30 min at 37°C, and washed once in each 2 x NaCl/Cit and
0.1 x NaCl/Cit at 37°C for 15 min. Slides were processed for
standard autoradiography using NTB-2 Kodak emulsion and then
exposed for = 14 days at 4°C. To test for tissue specificity, sagittal
sections of E16.5 embryos, and coronal sections of adult olfactory
epithelium and vomeronasal tissue were also hybridized with the
TIR3 probe. No specific hybridization signals were observed in
non-taste tissues.

For in situ hybridization using digoxigenin-labeled cRNA
probes, tissue was dissected and rapidly frozen in OCT compound
(Tissue-Tek). Cross-sections (12 wm) of the tongue were collected
on Superfrost slides, air dried at room temperature and fixed in 4%
paraformaldehyde in PBS. Slides were prepared for hybridization
as described previously (Schaeren-Wiemers and Gerfin-Moser
1993). Sections were hybridized overnight at 72°C in hybridization
buffer (50% formamide, 5x NaCl/Cit, 5x Denhardt’s, 250 pg/mL
yeast RNA, 500 pg/mL herring sperm DNA containing 200 ng/mL
digoxigenin labeled probe) and washed at high stringency
(0.2 x NaCl/Cit, 72°C). Immunological detection and visualization
of the digoxigenin-labeled hybrids were performed using an anti-
digoxigenin alkaline phosphatase-conjugated antibody and standard
chromogenic reagents following the manufacturer’s recommenda-
tions (Roche Molecular Biochemicals). Mice used in these studies
were sacrificed according to NIH approved guidelines.

Results

T1R3 is a novel member of the T1R subfamily of
putative taste receptors

With the aim of identifying novel chemosensory receptors,
database searches of draft human genomic sequences were

performed querying with GPCR sequences. One contig
(GenBank Accession no. AL139287) derived from human
chromosome 1p36 displayed several stretches of sequence
with significant homology (> 30%) to members of family 3
GPCRs. This chromosomal region was of particular interest
and further pursued due to its conserved synteny with the
distal region of mouse chromosome 4 which includes the
Sac locus, a primary contributor to sweet preference in mice.

Based on human sequences, a segment of the mouse gene
was obtained and used to screen a 129/Sv genomic library
resulting in the isolation a 13-kb genomic clone containing
the murine ortholog. Analysis of ORFs within this genomic
sequence identified a novel putative GPCR (T1R3).
Comparisons of genomic and cDNA sequences indicate
that the T/R3 gene spans 3.2 kb of genomic DNA and
consists of six exons encoding a predicted 858 amino acid
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Fig. 2 T1R3 is a member of the family 3 G protein-coupled recep-
tors (GPCRs) (a) The sequence relationships between selected
members of family 3 GPCRs are presented as a dendrogram.
Sequences include the rat (TTIR1 and T1R2) and mouse (T1R3)
putative taste receptors, rat metabotropic glutamate receptors
(mGluRs), mouse (VRs and V2Rs) and rat (VNs) vomeronasal
receptors, and the mouse calcium sensing receptor (CaSR). (b) The
predicted protein sequences of members of the T1R family are
aligned. Amino acid residues present in two or more members are
highlighted. Putative transmembrane domains (I-VII) and a pre-
dicted signal sequence are indicated with lines. Intron—exon bound-
aries determined for T1R3 are marked with bars, and cysteines
conserved among family 3 GPCRs are indicated with asterisks.
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protein. The intron—exon structure of the T/R3 gene is
shown (Fig. 1). In addition to TIR3, this 13 kb genomic
fragment harbors part of the 3’-exon of the Dvll gene, a
homolog of the Drosophila segment polarity gene Dsh
(Klingensmith et al. 1994; Sussman et al. 1994).
Hydropathy analysis of the predicted T1R3 protein
identified a 20 amino acid N-terminal segment characteristic
of eukaryotic signal sequences and seven potential trans-
membrane-spanning regions indicative of members of the
superfamily of GPCRs (Fig. 2b). TIR3 exhibits significant
homology and structural resemblance to family 3 GPCRs
which include the calcium-sensing receptor (Brown et al.
1993), GABAjg receptor (Kaupmann et al. 1997) and
metabotropic glutamate receptors (Nakanishi 1992), as
well as a number of candidate chemosensory receptors.
Chemosensory receptors belonging to this family include
TIR1 and T1R2 (Hoon et al. 1999), vomeronasal V2R
receptor family members (Herrada and Dulac 1997;
Matsunami and Buck 1997; Ryba and Tirindelli 1997) and
members of a family of fish olfactory receptors (Cao et al.
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1998; Naito et al. 1998; Speca et al. 1999). T1R3 is most
closely related to TIR1 and T1R2 sharing = 30% amino
acid identity with each (Figs 2a and b). Like other members
of family 3 GPCRs, T1R3 is predicted to have an unusually
large (572 amino acids) N-terminal extracellular domain
that forms a ligand-binding domain in structurally related
proteins (O’Hara et al. 1993; Takahashi et al. 1993;
Okamoto et al. 1998; Parmentier et al. 1998; Kunishima
et al. 2000). T1R3 displays additional structural similarities
with family 3 GPCRs, including a cysteine-rich domain
preceding the first transmembrane domain and a series of
positionally conserved cysteines in the extracellular
domain and extracellular loops, presumably important for
conformational structure (Fig. 2b).

TIR3 is a candidate gene for the Sac locus

Genetic studies employing two bottle preference tests
indicate that the Sac (saccharin preferring) locus is located
near the distal end of mouse chromosome 4 =84 * 3.4 cM
from the centromere (Fuller 1974; Lush 1989; Lush et al.

( ] signal sequence 1
TIR3 1 --MPALATMGLSLAAFL l—il_.U\IG-‘\Sl.(‘l.SUQFK-‘\OGDYIl.G(iLFPLGS']'F.I:»‘\['[.\IOR.—'\OPI\ST[.?“NR---FSPLG
TIR2 1 MGPQARTLCLLSLLLHVLPKPGKL VENS-DFHLAGDYLLGGLF TLHA-NVKSISHLS YLQVPKCNE -FTMEKVLG
TIRI 1 MLFWAAHLLL SLOQLVYCWAF SCQRTESSPGESLPGDF LLAGLF SLHG-DCLQVRHRPL--VMTSCDRPDSF NGHG
TIR3 70 I,FLAMAMKMF\VEEINNGSALLPGI.HLGYIJLI‘D'I'?‘SEP VYVTMKS SLMF LAKVGSOSTAAYCNYTQYQPRVLAVIG
TIR2 72 ¥YNLMOAMRFAVEEI NNCSSLLPGYLLGYEMVYDVYCYLS -NNIHPGLYFLA-QDDDLLPILKDYSQYMPHYVYAVIG
TIRL 72 YHLFQAMRFTVYEEI NNSSALLPNITLGYEL YDVCSES AN- VYATLRVLALQGP RHIETQKDLRNHS SKNVAFI1G
TIR3 144 FHSSELALITGKI’FSFFLMP]QVSYS.»‘\SMDRLSDRE'I'FPSFFRT\"I‘SDR\"QLQA\"VTLLQI\FSWNWV('\ALGSDDD
TIRZ 144 PDNSESAITVSNILSHF LIPQITYSAISDKLRDKRHF PSMLRT YVPSATHHI EAMVOQOLMVHFQ WNWI VVLVSDDD
TIRL 145 PDNTDHAVTTAALLGPF LMPLVSYEASSVVLSAKRKFPSFLRT VPSDRHOVEVMVOLLOS FGWVWISLIGSYGD
TIR3 218 YGREGLS 1 FSS-LANARGICI AHEGLYPQHDTS - --GOQLGKYLDYVLROVNOSKVOQVVVYLFASARAVYSLESY
TIRZ 218 YGRENSHLLSQRLTKTSDICIAFQEVLPIPESSQVMRSEEQRQLDNILDKLRRTSARVVVVFSPELSLYSFFHE
TIR1 219 YGOLGYQAL - EELAVPRGICVAFKDIVYPF--5ARV----GDPRMQSMMQHLAQARTTMVVYFS NRHLARVEFERS
TIR3 287 SITHHGLS PEVWVASESWLTSDLVMTLPNIARVGT VLGFLOQRGALLPEFSHYVETHLALAADPAFCASLNAELDL
TIRZ 292 VLRWNFTGFVWIAS ESWAIDPVLHNLTELRHTGTFLGVTIQRVSIPGFSQFRVRR- - - - - DKPGYPVPENT TNLR
TIR1 286 YVLANLTGEVWVAS EDWAISTYITSVTGIQGIGT VLGVAVOQQROVPGLKEFEESY - -« - - VREAVTAAPSACPEG
TIR3 361 EEH\-"MGQR%I"Q:FDD[.\ILQNLSSGLLQNLSAGQL![HQIF.-‘\TY."\A\-’YSVAQ}\LHNTLO?NVS|'1§<['|\"SE1'[VLFWQLL
TIR2 361 TTC--NODCDACLN-TTKSFN---- - NILILSGERVVYSVYSAVYAVAHALHRLLGCNRVRC-TKQKVYPWOLL
TIR1 355 SWCS TNQLCRECHTFTT RNMP - - - - -TLGAFS -MSAAYRVYEAVYAVAHGLHQLLGCTSEIC-SRGPVYPWQLL
TIR3 435 ENMY NMS FHARDLTLQF DAEGNVDMEYDLEKEMWVWOSP TPVLHT VGTF NGT- ---LQLQOSKMYW--PGNQVPVS
TIR2 426 REIWHVNETLLGNRLFFDOQOQGDMPMLLDIIQWOWDLSOQNPFQS I ASYSPTSKRLTYIN--NVSWYTENNTVYEVS
TIR1 422 QQIYKVYNFLL HENT VAF DDNGDTLGYYDI I AWDWNGPEWTFEIIGSASLSPVHLD-INKTEKIQWHGKNNQVPVS
¢ | T™ 1
TIR3 503 Q?SRQ%KDGO\"RR\-‘KGFHS??‘YD( VD?.“KAGSY-RKHI’DDF'l'é‘TPg‘NQDQWSFEKSTA?LFRRF KFLAWGEPVVL
TIRZ 488 MCSKSCQPGOMKKS VGLHPCCFECLDCMPGTYLNRSADEFNCLSCPGSMWSYKNDITCFQRRPTFL EWHE VPTI
TIR1 495 VIETT DEL AGH HRVY VG SIHHCCFECVPCEAGT FLNMS - ELHICQRCGTEEWARPKESTTCEPRTVEFLAWHEPR I SIE
T™ | TM™ 11 TM LI
TIR3 576 SLLLLLCLVLGLALAALGLS VHHWDSP LVOASGGSQFCF-GLICLGLFCLSYLLFPGRPS SASCLAQQPMAHLP
TIRZ 572 VVAILAALGFFSTLAILFIFWRHFQTPMYRSAGG -PMCFLMLVPLLLAFGMYP VYVGPPT VFSCFCRQAFFTVC
TIRI 568 VLIAANTLLLLLLVGTAGLF AWHF HTP V¥VRSAGG -RLCFLMLGSLVAGSCSFYSFFGEPTVPACLLRQPLESLG
TM 111 TM IV
TIR3 649 LTGCLSTLFLQAAETFVESELPLS WANWLCSYLRGLWAWL VVLLATF VEAALCAWYLTAFPPE- VVTDWS VLPT
TIRZ 645 FSICLSCITVRSFQI VYCVFEMARRLPS AYSFWMRYHGPYVEVYAFITAI KVALVYVGNMLATTINPIGRTDF DDP N
TIRI 641 FAIFLSCLTIRSFQLYIITFEKFSTKVPTFYRTWAQNHGAGLFY! VSSTIWHLLICLTWLVMWTPRPT-REYQRFPH
™ V T™ VI
TIR3 722 EVLEH%H\"RSW\"SLGL\«’IIITN."\MLAFLCFLGTFL\«’QSQPGRYNR;\RGLTF.J\ML.-’\YF]TW\-"SF\"T‘LL.-\N\"QV.-‘\YQ
TIR2 719 IMILSCHPNYRNGLLFNTSMDLLLS VLGFES FAYMGKELPTNYMEAKFITLSMTFSFTSSISLCTFMSEVHDGVL V
TIR1I 714 L¥MILECTEVNSVGFLLAFTHNILLSISTEVCSYLGEKEELPENYNEAKCVTF SLLLNFVSWI AFF TMASIYQGSYL
™ VII
TIR3 79 PAVOMGAILVCALGILVTFHLPRKCYVLLWLPKLNTQEFFLGRNAKKAADENSGGGEAAQE HNE
TIRZ 793 TIMDLLVTVLNFLAIGLGYFGPEKCYMILFYPERNTSAYFNSMIQGYTMREKS
TIR1 788 PAVNVLAGLTTLSGGFSGYFLPKCYYILCRPELNNTEHEQASIIQDYTRRCGTT
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Fig. 3 Several polymorphisms resulting in amino acid substitutions
in TIR3 are observed between sweet non-taster and taster strains
of mice. The predicted topology of T1R3 is shown. Amino acid

1995; Bachmanov et al. 1997; Blizard et al. 1999). In
humans, T/R3 maps to 1p36, a region syntenic to the distal
end of mouse chromosome 4, rendering T/R3 a candidate
gene for the Sac locus. To address this possibility, we
mapped the chromosomal position of T/R3 using mouse/
hamster radiation hybrid panels. Results indicated that T/R3
maps between the anchor locus D4Mit59 [78.9 cm from the
centromere, Mouse Genome Database (Blake et al. 2000)]
and the telomere of chromosome 4 within the region defined
for the Sac locus (Lush et al. 1995; Bachmanov et al. 1997).
Linkage between the Sac locus and TI/R3 was further
substantiated by the fact that T/R3 is physically linked to the
Duoll gene that maps at 82 cM from the centromere near the
distal end of chromosome 4 [Mouse Genome Database
(Blake et al. 2000)].

We reasoned that if T/R3 is responsible for the Sac
phenotype, inbred strains of mice with different sensitivities
to sweet compounds are likely to exhibit polymorphisms

G ™
00@@@@@

differences observed between C57BI/6 J (taster) and 129/Sv (non-
taster) strains of mice are indicated by black balls that represent
amino acids found in the C57B//6 J allele.

within the T/R3 gene. To test this hypothesis, we compared
the genomic sequences of the T/R3 genes isolated from
well-studied taster (C57BL/6 J) and non-taster (129/Sv)
strains of mice. Thirteen polymorphisms were detected in
coding sequences. Six of these resulted in amino acid
substitutions: four in the extracellular domain, one is
in putative transmembrane domain IV and one in the
C-terminal intracellular domain. (Fig. 3). Interestingly, three
of the substitutions in the extracellular domain are clustered
within a region shown to form a dimeric interface in the
structurally related mGluR1 receptor (Kunishima et al.
2000).

TIR3 is selectively expressed in a subset of taste receptor
cells

In the tongue, taste receptor cells are found clustered in the
taste buds of three types of spatially segregated papillae:
circumvallate papillae located in the medial posterior region
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Fig. 4 T1R3 is expressed in a subset of taste receptor cells. (a)
Schematic diagram of the tongue indicating positions of different
types of papillae. Sections of circumvallate (B), foliate (C) or fungi-
form (D) papillae were hybridized with a digoxigenin labeled T1R3
cRNA probe. T1R3 is expressed in a subset (=20-30%) of taste
receptor cells in all taste buds of circumvallate and foliate papillae.
In contrast, T1R3 is expressed in <4% of the fungiform taste buds.
A rare hybridizing fungiform taste bud displaying T1R3-expressing
cells is shown. A control sense probe displayed no specific hybridi-
zation signals. Scale bars: 50 um. Scale bar in (b) also applies
to (c).

of the tongue, foliate papillae located in the lateral posterior
regions of the tongue and fungiform papillae distributed
over the anterior two-thirds of the tongue (Fig. 4a). To
evaluate the potential of T1R3 to function as a chemosen-
sory receptor, we performed in situ hybridization analyses

Table 1 T1R3 expression in papillae of the tongue

% Taste buds % T1R3-

with T1R3- expressing
Papillae expressing cells cells per taste bud
Circumvallate 100 23 (£ 3)
Foliate 100 26 (= 5)
Fungiform <4 <1

In situ hybridization, to determine the number of T71R3-expressing
cells, and histological staining with nuclear dye Hoechst 33258, to
determine total cell counts, were performed on 10 wm sections
through various taste papillae. Cell counts were derived from the
examination of 150 circumvallate and 110 foliate taste bud sections
from 3 to 4 animals. *For the fungiform papillae, only six taste buds out
of the 178 examined contained T71R3 expressing cells; in each case
the number of expressing cells was < 1%.
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with radiolabeled cRNA probes on tissue sections from the
circumvallate, fungiform and foliate papillae of the tongue,
as well as sections of the olfactory epithelium, the
vomeronasal organ and whole embryos. Hybridization was
observed in taste tissue, but was not observed in the non-
taste sensory and embryonic tissues examined, indicating
that T/R3 is expressed selectively in taste tissue. Further-
more, TIR3 displayed differential expression among the
different papillae and regions of the tongue. 77R3 transcripts
were detected in all of the taste buds of the circumvallate
and foliate papillae. In contrast, <4% of the fungiform
papillae contained T/R3-expressing cells (Table 1). These
results indicate that the vast majority of 7/R3-expressing
taste receptor cells are located in the posterior regions of the
tongue.

To examine the cellular distribution of T/R3, additional
in situ hybridization experiments with digoxigenin-labeled
probes were performed. Representative sections are shown
in Fig. 4. These experiments indicate that 7/R3 is expressed
in a subset of taste receptor cells. From examination of 150
circumvallate and 110 foliate taste bud sections, we estimate
that that T/R3 is expressed in =~20-30% of the taste
receptor cells in these papillae (Table 1).

Discussion

In this study we report the identification of a novel GPCR
that is specifically expressed in a subset of taste receptor
cells. Based on its cell type-specific expression, we propose
that T1R3, like the two other members of the TIR family
(Hoon et al. 1999), is a putative taste receptor. The T1Rs
belong to the family 3 GPCRs and thus are structurally
similar to a number of other candidate chemosensory
receptors including taste-mGluR4 (Chaudhari et al. 2000),
mammalian V2R vomeronasal receptors (Herrada and Dulac
1997; Matsunami and Buck 1997; Ryba and Tirindelli 1997)
and a family of fish olfactory receptors (Cao et al. 1998;
Naito et al. 1998; Speca et al. 1999). However, T1Rs are
only distantly related to the recently identified T2R family
of bitter taste receptors (Adler et al. 2000; Matsunami et al.
2000). Thus far, searches of human genome sequences have
not revealed additional members of the TIR family.
Therefore, in contrast to the T2R family, which is estimated
to consist of = 40-80 members (Adler et al. 2000), the TIR
family is likely to be relatively small.

What are the ligands for the three identified members of
the TIR family of receptors? Given the evidence that both
sweet and bitter taste transduction is mediated by G protein-
coupled processes, the TIR receptors may be responsible for
the recognition of sweet and/or bitter tasting compounds.
Based on their topographic patterns of expression, it was
previously suggested that TIR1 and T1R2 may be receptors
for sweet- and bitter-tasting substances, respectively (Hoon
et al. 1999). With respect to TIR3, its homology to other
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chemosensory receptors, expression in taste receptor cells,
chromosomal mapping position, and allelic variation
between sweet taster and non-taster strains of mice makes
it a compelling candidate gene for the Sac locus. As such, its
list of putative ligands would include those demonstrated to
be associated with the Sac phenotype such as sucrose,
saccharin, acesulfame and dulcin (Lush 1989).

Of the six predicted amino acid differences identified
between the TIR3 receptors expressed by taster and
non-taster strains of mice, three are clustered between
amino acids 55 and 61 within the large N-terminal
extracellular domain. Based on alignments to the struc-
turally related mGIuR1 receptor, changes in this region are
predicted to have important functional consequences.
Crystallization studies of the extracellular domain of
mGluR1 indicate that the homologous region in mGluR1
serves as the dimeric interface between mGIuR1 protomers
which form homodimeric complexes (Kunishima et al.
2000). This is significant because in the case of the GABAg
receptor, another member of the family 3 GPCRs, oligo-
merization is critical to the production of functional receptor
(Jones et al. 1998; Kaupmann et al. 1998; White et al.
1998). It is important to note, however, that polymorph-
isms are common among inbred strains of mice and that
functional studies are required to determine whether T1R3
is, in fact, a sweet receptor and whether the observed
amino acid substitutions within TI1R3 affect receptor
function.

TIR3 is expressed in all taste buds of the circumvallate
and foliate papillae, but is expressed in <4% of fungiform
taste buds. Comparisons of the expression patterns of
members of the TIR family indicate that T/R3 shows a
similar distribution to that of 7/R2, which is also expressed
in all taste buds of the circumvallate and foliate papillae,
while rarely being expressed in fungiform papillae (Hoon
et al. 1999). In stark contrast to T/R2 and TIR3, TIRI is
expressed in all the taste buds of the fungiform papillae but
<10% of taste buds in the circumvallate papillae (Hoon
et al. 1999). These results indicate that members of the TIR
family exhibit differential topographic distributions among
the various papillae types and regions of the tongue.
Similarly, Adler et al. (2000) established that members of
the T2R family also display regional topography, being
more frequently expressed in the taste buds of circumvallate
and foliate papillae. These spatial patterns of expression of
candidate taste receptors suggest that the number of cells
expressing different receptors varies dramatically between
different regions of the tongue.

The continuing efforts to identify taste receptors as well
as other components of the taste signal transduction
pathways will provide the molecular tools necessary to
address many basic questions concerning the strategies used
by the gustatory system to detect and encode incoming
sensory information.

Note added in proof

Since the submission of this paper, more sensitive in situ
hybridization experiments have reveealed low levels of TIR3
expression in a high percentage of fungiform papillae.

Acknowledgements

We thank Drs Doris Wu and John Northup for critically reading
the manuscript and Drs Monica Gorman, Konrad Noben-
Trauth, Dennis Drayna and Thomas Friedman for their many
helpful suggestions during the course of this work. We are also
grateful to Dr Doris Wu and Quianna Burton for advice on
in situ hybridization techniques.

References

Adler E., Hoon M. A., Mueller K. L., Chandrashekar J., Ryba N. J. and
Zuker C. S. (2000) A novel family of mammalian taste receptors.
Cell 100, 693-702.

Bachmanov A. A, Reed D. R., Ninomiya Y., Inoue M., Tordoff M. G.,
Price R. A. and Beauchamp G. K. (1997) Sucrose consumption in
mice: major influence of two genetic loci affecting peripheral
sensory responses. Mamm. Genome 8, 545-548.

Blake J. A., Eppig J. T., Richardson J. E. and Davisson M. T. (2000)
The Mouse Genome Database (MGD): expanding genetic and
genomic resources for the laboratory mouse. The Mouse Genome
Database Group. Nucleic Acids Res. 28, 108—111.

Blizard D. A., Kotlus B. and Frank M. E. (1999) Quantitative trait loci
associated with short-term intake of sucrose, saccharin and
quinine solutions in laboratory mice. Chem. Senses 24, 373-385.

Brown E. M., Gamba G., Riccardi D., Lombardi M., Butters R.,
Kifor O., Sun A., Hediger M. A., Lytton J. and Hebert S. C. (1993)
Cloning and characterization of an extracellular Ca(2+)-sensing
receptor from bovine parathyroid. Nature 366, 575-580.

Cao Y., Oh B. C. and Stryer L. (1998) Cloning and localization of two
multigene receptor families in goldfish olfactory epithelium. Proc.
Natl Acad. Sci. USA 95, 11987-11992.

Chandrashekar J., Mueller K. L., Hoon M. A., Adler E., Feng L.,
Guo W., Zuker C. S. and Ryba N. J. (2000) T2Rs function as bitter
taste receptors. Cell 100, 703—711.

Chaudhari N., Landin A. M. and Roper S. D. (2000) A metabotropic
glutamate receptor variant functions as a taste receptor. Nat.
Neurosci. 3, 113-119.

Fuller J. L. (1974) Single-locus control of saccharin preference in mice.
J. Hered. 65, 33-36.

Gilbertson T. A., Damak S. and Margolskee R. F. (2000) The molecular
physiology of taste transduction. Curr. Opin. Neurobiol. 10,
519-527.

Herness M. S. and Gilbertson T. A. (1999) Cellular mechanisms of taste
transduction. Annu. Rev. Physiol. 61, 873-900.

Herrada G. and Dulac C. (1997) A novel family of putative pheromone
receptors in mammals with a topographically organized and
sexually dimorphic distribution. Cell 90, 763-773.

Hoon M. A., Adler E., Lindemeier J., Battey J. F., Ryba N. J. and
Zuker C. S. (1999) Putative mammalian taste receptors: a class of
taste-specific GPCRs with distinct topographic selectivity. Cell
96, 541-551.

Jones K. A., Borowsky B., Tamm J. A., et al. (1998) GABA(B)
receptors function as a heteromeric assembly of the subunits
GABA(B)RI and GABA(B)R2. Nature 396, 674—679.

© 2001 International Society for Neurochemistry, Journal of Neurochemistry, 77, 896—903



Kaupmann K., Huggel K., Heid J., Flor P. J., Bischoff S., Mickel S. J.,
McMaster G., Angst C., Bittiger H., Froestl W. and Bettler B.
(1997) Expression cloning of GABA(B) receptors uncovers
similarity to metabotropic glutamate receptors. Nature 386,
239-246.

Kaupmann K., Malitschek B., Schuler V., et al. (1998) GABA(B)-
receptor subtypes assemble into functional heteromeric com-
plexes. Nature 396, 683—687.

Kinnamon S. C. and Margolskee R. F. (1996) Mechanisms of taste
transduction. Curr. Opin. Neurobiol. 6, 506-513.

Klingensmith J., Nusse R. and Perrimon N. (1994) The Drosophila
segment polarity gene dishevelled encodes a novel protein
required for response to the wingless signal. Genes Dev. 8,
118-130.

Kozak M. (1987) An analysis of 5'-noncoding sequences from 699
vertebrate messenger RNAs. Nucleic Acids Res. 15, 8125-8148.

Kunishima N., Shimada Y., Tsuji Y., Sato T., Yamamoto M.,
Kumasaka T., Nakanishi S., Jingami H. and Morikawa K.
(2000) Structural basis of glutamate recognition by a dimeric
metabotropic glutamate receptor [In Process Citation]. Nature
407, 971-9717.

Lush I. E. (1989) The genetics of tasting in mice. VI. Saccharin,
acesulfame, dulcin and sucrose. Genet. Res. 53, 95-99.

Lush I. E., Hornigold N., King P. and Stoye J. P. (1995) The genetics of
tasting in mice. VIL. Glycine revisited, and the chromosomal
location of Sac and Soa. Genet. Res. 66, 167—174.

Matsunami H. and Buck L. B. (1997) A multigene family encoding a
diverse array of putative pheromone receptors in mammals. Cell
90, 775-784.

Matsunami H., Montmayeur J. P. and Buck L. B. (2000) A family of
candidate taste receptors in human and mouse. Nature 404,
601-604.

Naito T., Saito Y., Yamamoto J., Nozaki Y., Tomura K., Hazama M.,
Nakanishi S. and Brenner S. (1998) Putative pheromone receptors
related to the Ca®*-sensing receptor in Fugu. Proc. Natl Acad. Sci.
USA 95, 5178-5181.

Nakanishi S. (1992) Molecular diversity of glutamate receptors and
implications for brain function. Science 258, 597-603.

O’Hara P. J., Sheppard P. O., Thogersen H., Venezia D.,
Haldeman B. A., McGrane V., Houamed K. M., Thomsen C.,
Gilbert T. L. and Mulvihill E. R. (1993) The ligand-binding
domain in metabotropic glutamate receptors is related to bacterial
periplasmic binding proteins. Neuron 11, 41-52.

Candidate taste receptor 903

Okamoto T., Sekiyama N., Otsu M., Shimada Y., Sato A., Nakanishi S.
and Jingami H. (1998) Expression and purification of the
extracellular ligand binding region of metabotropic glutamate
receptor subtype 1. J. Biol. Chem. 273, 13089—-13096.

Parmentier M. L., Joly C., Restituito S., BockaertJ., Grau Y. and Pin J. P.
(1998) The G protein-coupling profile of metabotropic glutamate
receptors, as determined with exogenous G proteins, is indepen-
dent of their ligand recognition domain. Mol. Pharmacol. 53,
778-786.

Pollak M. R., Brown E. M., Chou Y. H., Hebert S. C., Marx S. J.,
Steinmann B., Levi T., Seidman C. E. and Seidman J. G. (1993)
Mutations in the human Ca(2+)-sensing receptor gene cause
familial hypocalciuric hypercalcemia and neonatal severe hyper-
parathyroidism. Cell 75, 1297-1303.

Reed D. R. (2000) Gene mapping for taste related phenotypes in
humans and mice. Appetite 35, 189—-190.

Ressler K. J., Sullivan S. L. and Buck L. B. (1993) A zonal organization
of odorant receptor gene expression in the olfactory epithelium.
Cell 73, 597-609.

Ryba N. J. and Tirindelli R. (1997) A new multigene family of putative
pheromone receptors. Neuron 19, 371-379.

Sassoon D. A., Garner 1. and Buckingham M. (1988) Transcripts of
a-cardiac and a-skeletal actins are early markers for myogenesis
in the mouse embryo. Development 104, 155-164.

Schaeren-Wiemers N. and Gerfin-Moser A. (1993) A single protocol to
detect transcripts of various types and expression levels in neural
tissue and cultured cells: in situ hybridization using digoxigenin-
labelled cRNA probes. Histochemistry 100, 431-440.

Speca D. J., Lin D. M., Sorensen P. W., Isacoff E. Y., Ngai J. and
Dittman A. H. (1999) Functional identification of a goldfish
odorant receptor. Neuron 23, 487-498.

Sussman D. J., Klingensmith J., Salinas P., Adams P. S., Nusse R. and
Perrimon N. (1994) Isolation and characterization of a mouse
homolog of the Drosophila segment polarity gene dishevelled.
Dev. Biol. 166, 73—-86.

Takahashi K., Tsuchida K., Tanabe Y., Masu M. and Nakanishi S.
(1993) Role of the large extracellular domain of metabotropic
glutamate receptors in agonist selectivity determination. J. Biol.
Chem. 268, 19341-19345.

White J. H., Wise A., Main M. J., Green A., Fraser N. J., Disney G. H.,
Barnes A. A., Emson P., Foord S. M. and Marshall F. H. (1998)
Heterodimerization is required for the formation of a functional
GABA(B) receptor. Nature 396, 679-682.

© 2001 International Society for Neurochemistry, Journal of Neurochemistry, 77, 896—903



