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physiological studies suggest that sour and salty tas-
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A cDNA clone encoding a novel member of the puta-
ive taste receptor T1R family, designated T1R3, was
solated from circumvallate papillae of the mouse
ongue using degenerate primers. Reverse transcrip-
ion–polymerase chain reaction analysis showed pre-
ominant expression of the receptor in circumvallate
apillae. In situ hybridization analysis revealed that
1R3 was expressed in a subset of taste receptor cells

n taste buds and that the topographic distribution of
1R3 in various taste papillae was different from

hose of the other T1R members. Genetic mapping of
1R3 with a mouse/hamster radiation hybrid panel

ocated the gene on the distal end of mouse chromo-
ome 4 correlated with the Sac locus affecting sweet
ensitivity of mice. Our results indicate that T1R3 may
erve as the receptor for sweet perception in
ice. © 2001 Academic Press

Key Words: taste receptor; taste papillae; taste bud; G
rotein-coupled receptor; seven transmembrane re-
eptor; cloning; in situ hybridization; radiation hybrid
apping; saccharin.

A variety of taste stimuli are received by taste recep-
or cells (1). In mammals, taste receptor cells are as-
embled into taste buds that are distributed in the
pithelium of three types of taste papillae on the
ongue: fungiform, foliate, and circumvallate papillae,
ocated at the front, lateral edge, and back of the
ongue, respectively. Taste stimuli are thought to be
ransduced via distinct mediators expressed in the api-
al membrane of those taste receptor cells. Electro-

Abbreviations used: GPCR, G-protein-coupled receptor; RACE,
apid amplification of cDNA ends; RT-PCR, reverse transcription-
CR.
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ants modulate the function of taste receptor cells by
ertain membrane channels (2, 3). Other basic tastes,
weet, bitter, and umami are believed to be detected by
-protein-coupled receptor (GPCR) signaling path-
ays (4, 5). Recent molecular cloning studies have led

o the identification of a number of taste receptor cell-
pecific GPCRs, which are categorized into T1R and
2R families, and taste-mGluR4 (6). T1R is a putative
aste receptor family with homology to V2R, a putative
heromone receptor family (7, 8), and is composed of
wo members, T1R1 and T1R2, formerly known as TR1
nd TR2 (9). Although the expression of T1R is re-
tricted to a subset of taste receptor cells, the ligands
nd functions of the receptors are still unknown. T2R is

multigene family identified from genetic linkage
nalysis associated with bitter perception and impli-
ated as receptors of bitter tastants by in vitro func-
ional expression assay (10, 11). Taste-mGluR4 is an
lternatively spliced form of mGluR4 and is thought to
e a candidate for umami receptors because of the
runcation of amino terminal region decreases its sen-
itivity for glutamate to the concentrations known to
licit the sensation of umami (12). In view of the chem-
cal diversity of various tastants, many other unknown
aste receptors should be exist as observed in olfactory
eceptors and vomeronasal receptors (13). Identifica-
ion and characterization of new members of the T1R
ould clarify the function of the family and facilitate

he complicated molecular mechanism of taste percep-
ion. In the present study, we report the isolation of a
ovel member of T1R, its tissue distribution, topo-
raphic distribution in the tongue epithelium, and the
hromosomal localization of the gene.

ATERIALS AND METHODS

RNA and cDNA preparation. Six-week-old male mice (C57BL/
NCrj) were killed by cervical dislocation. The tongue was dissected
mmediately and put into divalent-cation-free Ringer solution (26
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mM EDTA z 4Na, 20 mM glucose). The Ringer solution containing
.5 mg/ml collagenase type IV (Worthington Biochemical) and 2
g/ml elastase (Worthington Biochemical) was injected beneath a

ircumvallate papilla. After incubation for 15 min at room tempera-
ure, the epithelium of the circumvallate papilla was peeled off. Total
NA was isolated using TRIZOL reagent (Life Technologies) and the
rst strand cDNA was synthesized with oligo(dT)12-15 primers us-

ng the reagents of the Superscript kit (Life Technologies).

PCR cloning with degenerate oligonucleotides. Based on the con-
ensus amino acid sequence of mouse T1R and V2R (9), the following
egenerate oligonucleotides were synthesized: 59-GCIGTITA(C/
)GCI(A/G)TIGCICA-39 (primer TRF1, corresponding to the amino
cid sequence of AVYA(I/V)A(H/Q)), 59-TG(C/T)TG(C/T)TT(C/
)GAITG(C/T)IT-39 (primer TRF2, corresponding to the amino acid
equence of CCF(D/E)C(I/L/V)) and 59-A(A/G) (A/G/T)ATIA(C/T) (A/
)CA(C/T)TTIGG-39 (primer TRR1, corresponding to the amino acid

equence of PKC(F/Y) (I/M/V)I). Using primers TRF1 and TRR1, a
rst round PCR of the circumvallate papillae cDNA was carried out
ith 40 cycles of 94°C for 30 s, 45°C for 30 s, and 72°C for 1 min.
bout 1.3 kbp fragments were isolated and used for the template of
second nested PCR, which was carried out under the same condi-

ions using primers TRF2 and TRR1. The resulting ;900 bp frag-
ent was isolated, cloned into pGEM-T Easy (Promega) and se-

uenced. To clone the full-length cDNA, 59-RACE was performed
sing FirstChoice RLM-RACE kit (Ambion) and 39-RACE was per-
ormed using oligo(dT)-adaptor-primed with circumvallate papillae
DNA as essentially described (14). Primers used for 39-RACE were
ligo(dT)-adapter primer, 59-GGCCACGCGTCGACTAGTAC(T)17-39
nd adapter primer, 59-GGCCACGCGTCGACTAGTAC-39. The se-
uence data of the full-length cDNA clone was submitted to the
DBJ/EMBL/GenBank Data Libraries under the Accession No.
B049994.

RT-PCR analysis. Total RNA was prepared from various mouse
issues by the method described above. Two pairs of oligonucleotide
rimers were synthesized for the analytical PCR amplification of re-
erse transcribed mRNAs for T1R3 and b-actin; 59-CTACCCTG-
CAGCTCCTGGA-39 and 59-CAGGTGAAGTCATCTGGATGCTT-39

or T1R3, 59-ATCGTGGGCCGCTCTAGGCACC-39 and 59-CTCTTT-
ATGTCACGCACGATTTC-39 for b-actin. First strand cDNA reverse

ranscribed from 100 ng of total RNA was amplified with the primer
airs. The PCR conditions were 30 cycles at 94°C for 30 s, 57°C for 30 s,
nd 72°C for 30 s for each primer pair.

In situ hybridization. Partial cDNAs of mouse T1R1 and T1R2
ere obtained by RT-PCR using the primers; 59-GCCTTCAA-
GACGTGGTGCC-39 and 59-AGGCTGAAGGTGACACATTT-39 for
1R1, 59-AACTGTAGCTCTCTGCTGCC-39 and 59-GTAATGAACTT-
GCTTCGTT-39 for T1R2, respectively. The amplified fragments were

loned into pGEM-T Easy and used as templates for synthesis of RNA
robes. The plasmid containing TRF2/TRR1 fragment in pGEM-T Easy
as used for the template of T1R3. Digoxigenin-labeled RNA probes for
1R1, T1R2, and T1R3 were synthesized using SP6/T7 Transcription
it (Roche Molecular Biochemicals). Tissue was obtained from 6-week-
ld male mice (C57BL/6NCrj), frozen in OCT compound, sectioned into
mm slices and attached to APS-coated glass slides. Hybridization was
erformed as described by Kusakabe et al. (15). All in situ hybridiza-
ions were carried out at high stringency (53 SSC, 50% formamide,
2°C). Signals were detected using anti-digoxigenin Fab fragments
onjugated with alkaline phosphatase and developing substrates,
-bromo-4-chloro-3-indolyl phosphate (BCIP, Roche Molecular Bio-
hemicals) and nitroblue tetrazolium (NBT, Roche Molecular Biochemi-
als).

Chromosomal mapping of T1R members. The mapping of genes
or mouse T1R1, T1R2 and T1R3 was performed with the mouse/
amster radiation hybrid panel (Research Genetics). Three PCR primer
airs were designed from the mouse T1R1, T1R2 and T1R3 cDNA
equences; 59-CCGTTGAGGAGATAAACAACTCCACAGCTC-39 and
237
AGCTCTCTGCTGCCCGGCGT-39 and 59-GGAGAGAATGTTGGAC-
CGGTGATGGCGG-39 for T1R2, and 59-CCGTGCCCGTGGTCTC-
CCTTCGCCATG-39 and 59-GGTCATTCATTGTGTCCCTGAGCT-
CCTC-39 for T1R3. The PCR condition was 30 cycles at 94°C for 30 s,
7°C for 30 s, and 72°C for 30 s for each primer pair. The PCR products
rom T1R1, T1R2 and T1R3 primer pairs were 238, 218 and 288 bp,
espectively. The results were analyzed by using the radiation hybrid
apping service of Whitehead Institute/MIT Center (http://
ww.genome.wi.mit.edu).

ESULTS AND DISCUSSION

To isolate new members of the T1R family expressed
n mouse taste receptor cells, degenerate primers were
esigned from some amino acid sequences conserved
mong mouse T1R and V2R (9), and RT-PCR was per-
ormed with total RNA prepared from mouse circum-
allate papillae in which T1R1 and T1R2 were ex-
ressed. The amplified cDNA fragment of the expected
ize was subcloned, and sequencing of 12 clones re-
ealed that 11 clones encoded T1R2, which is predom-
nantly expressed in circumvallate papillae (9). One
lone had an open reading frame encoding an amino
cid sequence homologous to T1R1 and T1R2. To ob-
ain the complete open reading frame of the novel
DNA fragment, we utilized the RACE method. A frag-
ent of 59-RACE had an initiation codon surrounded

y a Kozak consensus sequence (16), an in-frame stop
odon located 24 bp upstream of the initiation codon,
nd a fragment of 39-RACE had the termination codon
nd poly A. The full length cDNA fragment was, then,
mplified using specific primers based on the se-
uences of the RACE fragments, and the length of the
CR product agreed with that predicted from the total

ength of those cDNA fragments. The open reading
rame encoded a protein of 858 amino acids with a
alculated molecular mass of 94.5 kDa (Fig. 1). As
xpected, the data base search revealed that the high-
st homology was detected with mouse T1R1 and T1R2
32 and 31% identity, respectively). Lower but still
ignificant similarity was found with several members
f GPCR subfamily 3, including metabotropic gluta-
ate receptor (mGluR), Ca21-sensing receptor (CaSR)

nd V2R (17). Thus, we designated the clone as T1R3.
he sequence alignment of the amino acid sequences of
1R members showed that most of cysteine residues in
he extracellular domain were highly conserved (Fig.
). It is known that a Cys-rich region with nine highly
onserved cysteines proximal to the transmembrane
omain is present in all of the members of GPCR
ubfamily 3, and thought to impose a structural con-
traint on the receptor protein (18). The nine cysteine
esidues were also conserved in T1R3, suggesting that
he structure might be similar to those of GPCR sub-
amily 3 receptors.

Next, we examined the tissue specificity of the T1R3
xpression by RT-PCR. To prevent amplification of
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FIG. 1. Nucleotide and deduced amino acid sequences of T1R3. The nucleotide sequence data of T1R3 cDNA is in DDBJ/EMBL/GenBank
atabase with the Accession No. AB049994.
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enomic DNA (DDBJ/EMBL/GenBank Accession No.
B055708), we designed primers that span the exon-
xon junction of T1R3 cDNA. As shown in Fig. 3, T1R3
as expressed in circumvallate papillae of the tongue,
nd also expressed in testis but not in the other tissues
xamined. The expression of sensory organ receptors in
estis was observed in putative taste (19) and odorant
eceptors (20), although the function in testis is still
nknown. If T1R3 functions as a taste receptor, it
hould be expressed in taste receptor cells. The expres-
ion pattern of T1R3 in circumvallate papillae was

FIG. 2. Comparison of the amino acid sequence of mouse T1R1,
he sequence analysis program CLUSTALW. Gaps introduced to ma
re identical in at least two members. Cysteine residues conserved a
omains are indicated by shaded bars above the sequence.
239
xamined by in situ hybridization. As shown in Fig. 4,
he expression of T1R3 was restricted to a subset of
aste receptor cells, but was not detected in the other
esenchymal or epithelial cells. The sense probe did

ot show specific hybridization under the same condi-
ions (data not shown). The restricted expression
ithin taste buds was also observed for other taste

eceptors belonging to T1R (9) and T2R families (10),
uggesting that taste receptor cells in a taste bud are
eparated into different groups according to function.
t is also known that T1R1 is preferentially expressed

2, and T1R3. Multiple sequence alignments were carried out using
ize the homology are shown in hyphens. Residues shaded in black

ng all members are indicated by arrows. Predicted transmembrane
T1R
xim
mo
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n fungiform papillae but rarely in foliate and circum-
allate papillae, and T1R2 is commonly expressed in
oliate and circumvallate papillae but rarely in fungi-
orm papillae, suggesting that the differential topo-
raphic expression of the two members in the tongue
eflects topographic preferences of different tastants

FIG. 3. Tissue distribution of mouse T1R3. Total RNA from
arious mouse tissues (indicated at the top) was reverse-transcribed
sing an oligo(dT) primer and PCR-amplified using primers specific
or T1R3 (a) and for b-actin (b). The expected sizes of PCR products
re indicated by arrows (a, 334 bp; b, 543 bp). Marker is 100-bp
adder.

FIG. 4. In situ hybridization of T1R members in various taste
apillae of tongue epithelium. Digoxigenin-labeled T1R3 (left col-
mn), T1R1 (center column), and T1R2 (right column) were hybrid-

zed to sections of C57BL/6NCrj mouse circumvallate (top row),
oliate (middle row), and fungiform (bottom row) papillae. Digoxige-
in epitope was visualized by BCIP/NBT. The dotted lines indicate
he outline of a sample taste bud. Bar represents 50 mm.
240
9). To compare the topographic distribution of T1R3
ith those of T1R1 and T1R2, we next examined in situ
ybridization to sections of foliate and fungiform pa-
illae. As a result, T1R3 was expressed in every taste
ud of those papillae as strong as circumvallate papil-
ae. Thus, the topographic distribution was clearly dif-
erent from that of T1R1 and T1R2. The same results
ere obtained by using 39 non-coding region of T1R3 as
probe (data not shown). However, it remains unclear
hether the expression of T1R3 overlaps with those of

he other members on the level of single cells.
Genetic studies in mice have determined a number of

oci related to taste perception (21), which are useful to
dentify the genes involved in taste perception. Indeed,
ecent studies implicate T2R members as candidate
eceptors of bitter taste because the genes were
apped to loci that influence bitter perception in mice

10). To obtain a clue of the function of the T1R family,
e determined the chromosomal location of T1R3 and
ther member genes using the mouse/hamster radia-
ion hybrid panel (Fig. 5). The data placed T1R3 on
ouse chromosome 4 between marker D4Mit59 (a site

f 82 cM from the centromere; LOD score .3.0) and
he distal end of the chromosome. It is well known that
aste preference for sucrose and saccharin, a synthetic
weetener, differ in strains of mice and is attributed to
ne gene, Sac, located to 84.1 6 3.4 cM on chromosome
(22). Although T1R1 and T1R2 were also placed on

FIG. 5. Chromosomal locus mapping of T1R members. The posi-
ion of T1R1, T1R2, and T1R3 and flanking markers with their
espective map distance in centimorgans and centirays from White-
ead Institute/MIT Center and NCBI.
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ponded to locus at 68.9–71.0 cM (between D4Mit54
nd D4Mit160) and 75.4–77.6 cM (between D4Mit190
nd D4Mit208), respectively, and were distant from
he locus of Sac. In addition, a recent report concluded
hat mutations observed in the T1R1 gene do not cor-
elate with saccharin-sensitivity (23). As the locus of
1R3 was closely linked to the Sac locus, we next
ompared the expression pattern and sequence of T1R3
n saccharin taster (C57BL/6NCrj) and nontaster
BALB/cAnNCrj, DBA/2NCrj, 129/SVJ) strains. There
as no difference in the expression pattern in each

aste papilla and the ratio of T1R3-positive cells in a
aste bud (data not shown). On the other hand, se-
uence analysis revealed that the nontaster strains
arried five missense mutations (Thr55 to Ala, Ile60 to
hr, Phe61 to Leu, Arg371 to Glu, and Ile706 to Thr).
s phylogenetic analyses of inbred strains of mouse

ndicate that C57BL/6 strain belongs to a subgroup
volutionarily distant from nontaster strains (24), it
ay be appropriate to consider that the mutations are

pecific for C57BL/6 strain. Four of the amino acid
ubstitutions located in the extracellular region, and
he region including the substitutions were corre-
ponding to the ligand-binding region of mGluR1 (25),
uggesting that the substitutions might affect the
eceptor-ligand interaction. Sac is also known to influ-
nce the afferent responses of gustatory nerves to
weeteners, suggesting that Sac determines peripheral
weet taste perception and thus may code for a sweet
aste receptor (26). Taken together, our results suggest
hat T1R3 may serve as a mediator of the signaling
athway of sweet perception in mice. Although the
unctions of other T1R members are uncertain, it can
e speculated that the mechanisms of ligand-mediated
ctivation of the receptor might be common to all T1R
embers because of several conserved sequences scat-

ered throughout the code. Thus, further experiments,
uch as the comparison of the expression pattern of
1R members with other gustatory signal transducers,
re needed to clarify the downstream signaling compo-
ents and to understand the role in taste perception.
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