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Abstract: Taste transduction is a specialized form of signal transduction by which taste recep-
tor cells (TRCs) encode at the cellular level information about chemical substances encoun-
tered in the oral environment (so-called tastants). Bitter and sweet taste transduction path-
ways convert chemical information into a cellular second messenger code utilizing cyclic
nucleotides, inositol trisphosphate, and/or diacyl glycerol. These messengers are components
of signaling cascades that lead to TRC depolarization and Ca** release. Bitter and sweet taste
transduction pathways typically utilize taste-specific or taste-selective seven transmembrane-
helix receptors, G proteins, effector enzymes, second messengers, and ion channels. The
structural and chemical diversity of tastants has led to the need for multiple transduction
mechanisms. Through molecular cloning and data mining, many of the receptors, G proteins,
and effector enzymes involved in transducing responses to bitter and sweet compounds are
now known. New insights into taste transduction and taste coding underlying sweet and bit-
ter taste qualities have been gained from molecular cloning of the transduction elements, bio-
chemical elucidation of the transduction pathways, electrophysiological analysis of the func-
tion of taste cell ion channels, and behavioral analysis of transgenic and knockout models.

INTRODUCTION

Figure 1 is based on a delightful silkscreen image by John Lennon in which he presented a graphical
depiction of four categories of human taste sensation: amai (sweet), suppai (sour), shoppai (salty), karai
(hot-spicy), and nigai (bitter). I have modified this image to present the more typical representation of
human taste sensation categorized as sweet, sour, salty, bitter, and umami (glutamate). Our ability to
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Fig. 1 Schematic representation of human taste qualities. Psychophysical studies suggest that human taste sensation
can be divided into five distinct categories: amai (sweet), suppai (sour), shoppai (salty), nigai (bitter), and umami
(glutamate). Modified from the original silkscreen by John Lennon.
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identify different-tasting substances provides us with a means to seek out foodstuffs with nutritive
value, while avoiding spoiled foods or poisonous substances. This review presents recent research from
my laboratory and others on the transduction elements and signaling mechanisms that underlie bitter
and sweet taste transduction.

The sensations of bitter and sweet tastes are initiated by the interaction of tastants with G protein-
coupled receptors (GPCRs) in the apical membranes of taste receptor cells (TRCs). TRCs are special-
ized epithelial cells with many neuronal properties, including the ability to depolarize and form
synapses. TRCs are typically clustered in groups of ~100 within taste buds. The convoluted apical sur-
face of TRCs, which makes contact with the oral cavity, is rich in microvilli-containing GPCRs, ion
channels, and other transduction elements. The basolateral aspect of TRCs contains ion channels and
synapses with afferent taste nerves.

BITTER TRANSDUCTION
G proteins and G protein-activated effector enzymes

a-Gustducin is an o-transducin-like G protein a-subunit selectively expressed in ~25 % of TRCs [1,2].
o-Gustducin knockout mice show markedly reduced behavioral and nerve responses to several bitter
compounds (e.g., denatonium benzoate and quinine sulfate) (see Fig. 2) [3]. Quench-flow studies from
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Fig. 2 Gustducin knockout mice have diminished behavioral and electrophysiological responses to both bitter and
sweet compounds. Left, upper panels: mean preference ratios from 48-h two-bottle preference tests of gustducin
knockout mice (filled circles; n = 12) compared to wild-type littermates (open circles; n = 12). Only male mice
were used, presentation of denatonium benzoate (0.01, 0.05, 0.1, 0.25, 0.5, 1, 5, 10, 50 mM) and sucrose (5, 50,
150, 500 mM) was in ascending order; tastants were presented vs. distilled water. Left, lower panels: summated
chorda tympani nerve responses of gustducin knockout mice (filled circles; n = 6) compared to wild-type
littermates (open circles; n = 6). Only male mice were used. Responses to denatonium benzoate (0.1, 1, 10, 20 mM)
and sucrose (10, 100, 250, 500 mM) were normalized to that to 100 mM NH,CI. Right panels: indirect
immunofluorescent detection of o-gustducin demonstrates its absence from the knockout mice (null) and presence
in taste buds from wild-type mice (wt). Modified from Wong et al. [3].
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Andrew Spielman’s laboratory have shown that many bitter compounds lead to a gustducin-mediated
decrease in taste tissue cyclic nucleotide (c(NMP) levels [4]. The G protein-activated enzyme involved
in these responses has recently been identified as phosphodiesterase type 1A (PDE1A) [Bakre, Glick,
Rybalkin, Max, Beavo, and Margolskee, unpublished].

In response to bitter compounds, gustducin’s By-subunits (GB3 and Gyl13) mediate an increase in
taste tissue levels of inositol trisphosphate (IP;) and diacyl glycerol (DAG) [5,6]. Antibodies directed
against GB3, Gy13, or PLC[2 block this response (see Fig. 3) [5-7], implicating all three of these pro-
teins in bitter taste responses. Consistent with their role in an IP;/DAG taste-signaling pathway, o.-gust-
ducin, GB3, Gy13, and PLC[2 are co-expressed in large part in TRCs [8,9].
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Fig. 3 Bitter-induced IP; production in mouse taste tissue is mediated by Gy13. Mouse taste tissue samples were
stimulated with buffer alone (Basal), | mM denatonium (Den), or with 1 mM denatonium plus various antibodies
[normal IgG (Den/IgG), anti-Gy13-B (Den/gamma 13-B), anti-Gy13-C (Den/gamma 13-C)], then quenched at
50 msec in a quench-flow module. The anti-Gy13 antibody was directed against aa 18-32 of Gy13; the anti-Gy13-C
antibody was directed against aa 47-59 of Gy13. Modified from Huang et al. [5].

Receptors

“Data mining” of the NCBI (National Center for Biotechnology Information) DNA sequence databases
was used to identify a ~25 member multigene family of TRC-expressed GPCRs, named T2Rs or TRBs
[10,11]. In rat and mouse, T2R/TRB receptors are expressed in ~15-20 % of TRCs in taste buds of the
circumvallate and foliate papillae and the palate, but in very few TRCs in fungiform papillae [10].
Based on in situ hybridization with mixed vs. individual T2R/TRB probes, it was concluded that most
T2R/TRB receptors are expressed in the same TRCs [10,11]. T2R/TRB receptors are only found in
TRCs positive for expression of gustducin [10]. One murine T2R/TRB receptor (mT2RS5), when
expressed in heterologous cells, responded to bitter cycloheximide at a concentration comparable to the
murine threshold for aversion [12]. mT2RS5 was shown in vitro to couple selectively to o-gustducin vs.
other G protein ¢-subunits.
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Transduction pathways

Gustducin heterotrimers that have been activated by bitter-stimulated T2R/TRB receptors mediate two
responses in TRCs: a decrease in cNMPs via o-gustducin and a rise in IP;/DAG via By-gustducin. The
subsequent steps in the o-gustducin-PDE-cNMP pathway may depend upon protein kinases to regulate
TRC ion channel activity, or cNMP levels may regulate directly the activity of cNMP-gated [13] and
cNMP-inhibited [14] ion channels expressed in TRCs. The subsequent steps in the By-gustducin-PLC-
IP;/DAG pathway are thought to be activation of IP; receptors and release of Ca™* from internal stores
followed by neurotransmitter release [15]. These pathways are diagrammed in Fig. 4.

Fig. 4 Proposed transduction mechanisms in vertebrate taste receptor cells underlying bitter taste. Bitter
compounds activate G protein-coupled receptors (GPCRs) identified as T2R/TRB receptors. T2R/TRB receptors
activate gustducin heterotrimers. Activated o-gustducin stimulates phosphodiesterase to hydrolyze cAMP; the
decreased cAMP may disinhibit cyclic nucleotide-inhibited channels to elevate intracellular Ca®. Activated
gustducin’s GBy subunits (33y13) activate phospholipase C to generate IP; which leads to release of Ca* from
internal stores.

SWEET TRANSDUCTION
G proteins and G protein-activated effector enzymes

Several biochemical and electrophysiological studies have implicated G, adenylyl cylcase, and cAMP
in TRC responses to sweet tastants [reviewed in 16]. In one study, PLCB2 and IP;/DAG were impli-
cated in sweet taste [15]. Gustducin may be involved in sweet as well as in bitter responses: o-gustducin
knockout mice show diminished behavioral and/or electrophysiological responses to many sweet com-
pounds, including sucrose and the artificial sweeteners saccharin and SC45647 (see Fig. 2) [3]. It has
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not yet been determined which G protein o- and Py-subunits couple with the T1r3 sweet receptor.
Double in situ hybridization and double immunofluorescence indicate that in circumvallate papillae
taste buds only 10-15 % of T1r3-expressing TRCs also express o-gustducin; however, in fungiform
taste buds the majority of Tlr3-epxressing TRCs also express o-gustducin [17; Zou, Damak, and
Margolskee, unpublished; Kitagawa, Kusakabe, Miura, Ninomiya, and Hino, personal communication].

Receptors

The murine Sac locus is the major genetic factor that determines differences between sweet-preferring
and sweet-indifferent strains of mice [18-21]. Sac determines both behavioral and electrophysiological
responsiveness to saccharin, sucrose, and other sweeteners [22,23], suggesting that it acts distally and
might encode a taste receptor. Sac has been mapped to the distal end of mouse chromosome 4 [22-25].

Based on the earlier genetic mapping and recent data mining of human and mouse DNA sequence
databases, the receptors underlying sweet taste have now been identified [17,26-28]. To identify the Sac
gene, all genes present within a region of ~1 million bp of the sequenced human genome syntenous to
the Sac region of mouse were identified and ordered into a contiguous stretch of DNA (a “contig”) (see
Fig. 5) [26]. From this search, TIR3 (human taste receptor family 1, member 3), a previously unknown
GPCR, and the only GPCR in this region of the genome, was identified as the most likely candidate for
Sac. TIR3 is ~30 % related to TIR1 and T1R2, two “orphan” GPCRs selectively expressed in TRCs
[29]. T1R3 was also identified independently in searches for novel TRC-expressed GPCRs that mapped
to the region of the human genome syntenous to the murine Sac region [17,28], as well as by an
RT-PCR search for novel taste receptors [27]. As befits a taste receptor, TIR3 and/or the murine
ortholog (T1r3) were shown to be expressed selectively in TRCs within fungiform, foliate, and cir-
cumvallate papillae [17,26-28].
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Fig. 5 Data-mining identification of candidate genes in the region of the Sac locus. Syntenic regions between
human 1p36.33 and mouse 4pter chromosomal regions near the mouse Sac locus are shown. Shaded circles indicate
the approximate location of the predicted start codons for each gene; arrows indicate the full span of each gene
including both introns and exons; arrowheads indicate the approximate location of each polyadenylation signal.
Genes indicated by lowercase letters were predicted by Genscan and named according to their closest homolog.
Genes indicated by capital letters (T1R3 and DVL1) were experimentally identified and verified. The mouse
marker D18346 indicated is closely linked to the Sac locus and lies within the predicted pseudouridine synthase-
like gene. The region displayed corresponds to ~45 000 bp; the bottom scale marker indicates kilobases (K).
Modified from Max et al. [26].
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By comparing the sequence of T1r3 from several independently derived strains of mice, eight
amino acid polymorphisms were identified, however, only two of these polymorphisms differentiated
all taster strains of mice from all non-taster strains (see Fig. 6) [17,26-28,30]. These two polymor-
phisms occur within a specific portion of the N-terminal extracellular region of T1r3 that is predicted
to be involved in GPCR dimerization. T1r3 from non-tasters is predicted to contain an extra N-terminal
glycosylation site that according to models of T1r3’s structure would preclude its hetero- or homo-
dimerization (see Fig. 7) [26]. Confirmation that T1R3 is Sac has come recently from the conversion of
non-taster mice into tasters by the transgenic expression of TIR3 from a taster strain [30; Rong, He,
Damak and Margolskee, unpublished]. Heterologous expression of T1r3 in combination with T1r2
demonstrated that this heterodimer comprises a functional taste receptor responsive to several natural
and artificial sweeteners [30]. Heterologous expression of T1r3 or T1r2 alone did not yield sweet-
responsive cells, suggesting that a T1r3/T1r2 heterodimeric form is required to manifest a functional
sweet receptor. Heterologous expression of T1r3 in combination with T1r1 led to responsiveness to glu-
tamate and other umami compounds [31,32].

Nucleotide position 135 163 179 182 186 264 270 312 652 692 965 969 1300 2647 2689
CSTBL/6J A A T C C - A T T T A C G T T
FVB/N, SWR,ST/bJ A A T T T G G C T C G T A C C
Non-taster strains G G C T T G G C C C G C A T C
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Fig. 6 T1r3 nucleotide sequence differences between eight inbred mouse strains. All non-taster strains showed
identical sequences and were grouped in one row. Two alleles were noted in the four taster strains. The bottom row
displays the inferred amino acid sequence. The amino acid immediately after the position number is always from
the non-tasters, while that immediately before the position number is from whichever tasters differed at that
position from the non-tasters. The two columns in bold represent positions where all tasters differed from all non-
tasters and where the differences in nucleotide sequence result in amino acid substitutions. These two taster to non-
taster polymorphisms are TSSA and I60T. Nucleotide differences that do not alter the encoded amino acid are
indicated as s: silent. Nucleotide differences within introns are indicated as i: intron. The approximate location of
T55A and 160T are indicated in the extreme N-terminus of the amino-terminal domain of murine T1r3. Modified
from Max et al. [26].
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Fig. 7 The three-dimensional structure of the amino-terminal domain (ATD) of murine T1r3. The model, based on
the solved structure of the ATD of mGIluR1 [see ref. 26], shows a T1r3 homodimer. The T1r3 dimer is viewed from
the side. The two monomers have been spread apart (indicated by the double headed arrow) to reveal the contact
surface. A space-filling representation of three glycosyl moieties (N-acetyl-galactose-N-acetyl-galactose-Mannose)
has been added at the novel predicted site of glycosylation of non-taster mT1R3. Note that the addition of even
three sugar moieties at this site is sterically incompatible with dimerization. Regions of mT1R3 corresponding to
those of mGluR1 involved in dimerization are shown by space filling amino acids. The portions of the two
molecules outside of the dimerization region are represented by a backbone tracing. The two polymorphic amino
acid residues of T1r3 that differ in taster vs. non-taster strains of mice are within the predicted dimerization
interface nearest the amino terminus. The additional N-glycosylation site at amino acid 58 unique to the non-taster
form of T1r3 is indicated in each panel by the straight arrows. Modified from Max et al. [26].

Transduction pathways

Based on biochemical and electrophysiological studies of taste cells [15,33—40] two models for sweet
transduction have been proposed (see Fig. 8). First, a GPCR-G_-cAMP pathway: sucrose and other sug-
ars activate Gg via one or more coupled GPCRs; receptor-activated Goig activates adenylyl cyclase (AC)
to generate cAMP; cAMP may act directly to cause cation influx through cNMP gated channels, or act
indirectly to activate protein kinase A, which phosphorylates a basolateral K* channel, leading to clo-
sure of the channel, depolarization of the taste cell, voltage-dependent Ca*™* influx, and neurotransmit-
ter release. Second, a GPCR-Gq/GB\(-IP3 pathway: artificial sweeteners presumably bind to and acti-
vate one or more GPCRs coupled to PLCPB2 by either the o subunit of Gq or by Gpy subunits; activated
Goyg or released GPy activates PLCPB2 to generate IP; and DAG; IP; and DAG elicit Ca** release from
internal stores, leading to depolarization of the TRC and neurotransmitter release. These two pathways
(diagrammed in Fig. 8) apparently coexist in the same TRCs [15].

© 2002 IUPAC, Pure and Applied Chemistry 74, 1125-1133
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Fig. 8 Proposed transduction mechanisms in vertebrate taste receptor cells underlying sweet taste. Artificial
sweeteners activate GPCRs (T1R heterodimers) apparently linked via heterotrimeric gustducin to phospholipase C.
Activated gustducin’s GBy subunits (33y13) activate phospholipase C to generate IP;, which leads to release of
Ca2* from internal stores. Sugars activate T1R heterodimers apparently linked via heterotrimeric Gs to adenylyl
cyclase. Elevated levels of cAMP produced by the activated adenylyl cyclase may lead to inhibition of basolateral
K* channels via cAMP-activated protein kinase A phospohorylation of these channels.
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