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Biochemical and genetic studies have implicated a-gustducin as a
key component in the transduction of both bitter or sweet taste.
Yet, a-gustducin-null mice are not completely unresponsive to
bitter or sweet compounds. To gain insights into how gustducin
mediates responses to bitter and sweet compounds, and to elicit
the nature of the gustducin-independent pathways, we generated
a dominant-negative form of a-gustducin and expressed it as
a transgene from the a-gustducin promoter in both wild-type and
a-gustducin-null mice. A single mutation, G352P, introduced into
the C-terminal region of a-gustducin critical for receptor interac-
tion rendered the mutant protein unresponsive to activation by
taste receptor, but left its other functions intact. In control exper-
iments, expression of wild-type a-gustducin as a transgene in
a-gustducin-null mice fully restored responsiveness to bitter and
sweet compounds, formally proving that the targeted deletion
of the a-gustducin gene caused the taste deficits of the null mice.
In contrast, transgenic expression of the G352P mutant did not
restore responsiveness of the null mice to either bitter or sweet
compounds. Furthermore, in the wild-type background, the mu-
tant transgene inhibited endogenous a-gustducin’s interactions
with taste receptors, i.e., it acted as a dominant-negative. That the
mutant transgene further diminished the residual bitter and sweet
taste responsiveness of the a-gustducin-null mice suggests that
other guanine nucleotide-binding regulatory proteins expressed in
the a-gustducin lineage of taste cells mediate these responses.

Gustducin is a transducin-like heterotrimeric guanine nucle-
otide-binding protein (G-protein) expressed in taste recep-

tor cells (TRCs; ref. 1). Biochemical assays with bovine taste
membranes showed that native bitter-responsive taste receptors
selectively couple to gustducin (2, 3). Recently, a multigene
family of G-protein-coupled receptors (GPCRs), the T2RyTRB
receptors, were shown to be expressed selectively in a-gustducin-
positive taste cells (4, 5). One T2RyTRB receptor, mT2R5, was
shown to respond to physiologic concentrations of cyclohexi-
mide, a compound that is aversive to mice and bitter to humans.
mT2R5 specifically coupled to gustducin’s a-subunit (a-
gustducin) in preference to other G-protein a-subunits (6),
consistent with the proposal that gustducin is activated by the
T2R receptors in vivo to mediate TRC responses to bitter
compounds.

Based on the striking similarity of a-gustducin to a-transducin
(1, 7), the presence of both of these a-subunits in TRCs (2), and
the high levels of phosphodiesterase (PDE) in taste tissue (8, 9),
it was proposed that bitter transduction is mediated by way of
a-gustducin activation of taste PDE. Consistent with this pro-
posal, PDE from bovine taste tissue is activated in vitro by
a-gustducin and a-transducin (2, 10). Furthermore, several
bitter compounds elicit a decrease in cyclic nucleotide mono-
phosphate levels in taste tissue that can be blocked by neutral-
izing antibodies directed against a-gustducin (11). The taste
PDE responsive to activation by a-gustducin andyor a-transdu-
cin has been shown recently to be PDE1A (10).

A previously puzzling observation was that many bitter com-
pounds thought to be transduced by gustducin led to pertussis
toxin-sensitive inositol triphosphate (IP3) generation (12, 13),
but neutralizing antibodies directed against a-gustducin did not
block IP3 generation (11). The resolution comes from two recent
studies. First, it was shown that rat TRCs express phospholipase
(PLC) b2, and that activation of this PLC isoform by bitter
denatonium benzoate-stimulated taste receptors is required
for taste tissue generation of IP3 (14). Second, a newly discov-
ered G-protein g-subunit, Gg13, was shown to be expressed with
Gb3 in all a-gustducin-positive TRCs (15). Gg13 interacts with
a-gustducin in vitro and a-gustducinyGb1yGg13 heterotrimers
are activated in the presence of denatonium benzoate by native
taste receptors. Quench-flow studies using neutralizing antibod-
ies have shown that Gg13 (15), Gb3 (16), and PLCb2 (14) are
each required to mediate the IP3 response to denatonium
benzoate. Thus, heterotrimeric gustducin (a-gustducinyGb3y
Gg13) mediates two responses: a decrease in cyclic nucleotide
monophosphates via activation of PDE1A by a-gustducin and a
rise in IP3 via activation of PLCb2 by released b3g13.

Consistent with the above biochemical studies, in vivo analysis
of a-gustducin-null mice demonstrated that these mice have
markedly reduced behavioral and electrophysiological responses
to bitter compounds (17), implicating a-gustducin as a key
element in their transduction. However, a-gustducin-null mice
also were less responsive to sweet compounds suggesting that
gustducin has a role in their transduction. The a-gustducin-null
mice are not completely unresponsive to bitter and sweet
compounds, suggesting the presence of a-gustducin-indepen-
dent pathways that function alongside, or independently of,
gustducin.

To determine if the gustducin-independent pathways are
gustatory in nature and if they occur in those TRCs that normally
express a-gustducin, we transgenically expressed in the a-gust-
ducin-positive lineage of TRCs a C-terminally mutated form of
a-gustducin incapable of being activated by GPCRs. This mutant
acted as a dominant-negative in wild-type (WT) mice to block
heterotrimeric gustducin’s interactions with taste receptors and
disrupted responses to bitter and sweet compounds in WT as
well as a-gustducin-null mice. These results suggest that gust-
ducin interacts directly with taste receptors to transduce re-
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sponses to both bitter and sweet compounds, and that the
gustducin-independent pathways depend on taste-receptor in-
teractions with other G-proteins expressed in the same TRCs
that normally express a-gustducin.

Materials and Methods
Mutagenesis and in Vitro Translation. PCR was used to eliminate
the 59 untranslated region of the full-length rat a-gustducin
cDNA (1). A PCR product was generated that spanned nucle-
otides 160–230 and introduced an EcoRI site immediately
upstream of the ATG start codon. This product was subcloned
with a HindIII-NotI fragment, which encompasses the rest of the
a-gustducin cDNA (including the 39 untranslated region), into
the EcoRI and NotI sites of the pBluescript II KS(1) (Strat-
agene) polylinker. This full-length gustducin clone is referred to
as plasmid KSa3. This plasmid was used as a template for
mutagenesis and for in vitro transcriptionytranslation in the
presence of limiting [35S]methionine by using T3 RNA polymer-
ase and the T3-coupled (TnT) reticulocyte system (Promega).
To generate the mutant G352P a-gustducin, we used a kit
(CLONTECH) based on the method described (18). The G352P
mutant was generated by using the mutagenic primer CTCAAA-
GACTGTCCGCTATTCTGAGCAACC, which destroys an
EarI site in KSa3. The mutagenized regions of the G352P
plasmid were sequenced to rule out adventitious mutations.
Three independent isolates of the mutant plasmid were analyzed
in pilot experiments to control for secondary mutations.

Biochemistry. Details of the biochemical characterization by
means of trypsin sensitivity assay and the activation of in
vitro-translated WT and G352P-gustducin by rhodopsin and
taste membranes were as described for transducin (2), with
modifications for in vitro-translated products (3, 19). After
digestion with trypsin, active (GTPgS-bound) a-gustducin yields
a 37-kDa fragment, whereas inactive (GDP-bound) a-gustducin
yields a 23y25-kDa doublet. By measuring the fraction of 37-kDa
fragments among the total (23 1 25 1 37 kDa), we can generate
an activation index indicative of the level of activation of the
G-protein a-subunit. In vitro-translated a-gustducin was incu-
bated for 15 min at room temperature with bg-subunits from
bovine retina [10 ml at 1 mgyml in 10 mM Tris (pH 8.0)y10 mM
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS)]. All subsequent reactions were performed on ice.
The a-gustducinybg mixtures were diluted 1:10 in incubation
buffer [25 mM Tris (pH 7.5)y2 mM MgCl2y5 mM DTTy100 mM
NaCly100 mM GDPy0.1 mM GTPgS] containing 0.25–1 mgyml
of bovine taste membrane protein or bovine rhodopsin (0–1
mM). Reaction mixtures were incubated for 1–3 h on ice and then
analyzed by the trypsin-digestion assay. For trypsin assays,
l-1-tosylamido-2-phenylethyl chloromethyl ketone (and variants)
(TPCK)-treated trypsin (1:25 wtywt trypsin to total protein) was
added after the incubation with tastantytaste membrane or
rhodopsin. Trypsin digestions were performed at room temper-
ature (15 min) and were stopped by adding soybean trypsin
inhibitor (6:1 molymol of inhibitor to trypsin). A GDP to GTPgS
ratio of 1,000 was necessary to block GTPgS-induced activation
of the in vitro-translated products. The reaction mixtures were
diluted 1:3 in 23 Laemmli buffer, and the fragments protected
from proteolytic cleavage were resolved by using SDSyPAGE in
precast 4–20% gels (NOVEX, San Diego). The gels were dried
and exposed to a phosphor imager screen. All experiments
included independent duplicates, and all the quantifications
were performed twice for each band.

Construction of Transgenes. The rabbit bII intron from pSG5
(Stratagene) was cloned into pBluescript II KS(1) to make
pIntron. The SV40 polyadenylation site from pSG5 was cloned
into a pBluescript II KS(1) vector containing the 39 untranslated

region of rat a-gustducin to make p39-poly(A). An '1,150-bp
HindIII-EcoRV fragment of the KSa3 or G352P plasmids
described above was cloned into p39-poly(A) to generate pWT-39
and pG352P-39. A 220-bp EcoRI-HindIII fragment generated by
PCR was cloned 39 of the bII globin intron in pIntron to generate
pIntron-59. A SnaBI-PstI fragment containing the gustducin
8.4-kb promoter (20, 21), a PstI-HindIII fragment from
pIntron-59, and a HindIII-SacI fragment from pWT-39 or
pG352P-39 were cloned in a single step into the SmaI-SacI sites
of the pNEB193 plasmid (New England Biolabs). Six hundred
base pairs around each of the joining sites were sequenced to
control for ligation errors. An internal SacI site in the 8.4-kb
promoter was destroyed by T4 exonuclease. The linear con-
structs were excised as 10.7-kb unique fragments by using AscI
and SacI.

Generation of Transgenic Mice. Homozygous a-gustducin-null
male mice in the 129ySvEmsJ genetic background were bred to
superovulated B6CBAF1yJ females to generate zygotes for
pronuclear injection of the transgenic constructs. Injections were

Fig. 1. Biochemical characterization of the G352P mutant of a-gustducin. (A)
Oligonucleotide mutagenesis was used to substitute glycine at position 352 of
a-gustducin (WT) with proline (G352P). The substitution destroys an EarI
restriction endonuclease site. (B) The conformationally sensitive trypsin assay
monitors the activation state of G-protein a-subunits such as a-gustducin.
After digestion with trypsin, active (GTPgS-bound) a-gustducin yields a 37-kDa
fragment, whereas inactive (GDP-bound) a-gustducin yields a 23y25-kDa
doublet. This assay demonstrates that G352P-a-gustducin undergoes guanine
nucleotide-dependent shifts in its conformation indistinguishable from those
of WT. GDP-bound WT and G352P-gustducin are in the inactive conformation
(note diagnostic 23-kDa tryptic fragments) and WT and G352P-a-gustducin
bound to 100 mM GTPgS or GDP 1 1 mM AlF4

2 are in the active conformation
(note diagnostic 37-kDa fragments). (C) The trypsin-sensitivity assay shows
that G352P-a-gustducin cannot be activated by rhodopsin. Rhodopsin (0.01–1
mM) activates WT gustducin (filled circles) with half maximal activation at '30
nM rhodopsin. G352P-gustducin (open triangles) is not activated by rhodop-
sin, even at the saturating 1 mM concentration. The Inset image shows an
autoradiogram of a representative trypsin assay monitoring rhodopsin acti-
vation of WT and G352P-a-gustducin (the concentration of rhodopsin in the
adjacent duplicate lanes was 0, 10, 50, 300, and 1,000 nM). The graph is the
quantitation of three independent assays. The activation index was derived by
dividing the intensity of the 37-kDa (‘‘active’’) band by the total intensities of
the 37 1 23y25-kDa (‘‘inactive’’) bands. At concentrations of rhodopsin 5 1
mM, maximal activation of WT-a-gustducin was achieved, hence, this point
was defined as an activation index of 1.0. (D) WT-a-gustducin, but not G352P-
a-gustducin, is activated by bovine taste membranes plus bitter denatonium.
The image shows a representative autoradiogram with duplicate indepen-
dent samples; note the activation of WT gustducin, but not G352P-a-
gustducin, on the addition of denatonium (evidenced by the increased inten-
sity of the 37-kDa band). The relative activation index displayed in the bar
graph was calculated from the ratio of the activation indices in the presence
and absence of denatonium (from three independent experiments).
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performed as described (22). Acquisition of the transgene was
determined as described (23), using PCR with oligonucleotide
SC-59 (CCGGGCCCCTCTGCTAACC from the bII globin
intron) and SC-39 (GCAGTTGTTGGTCCTCTCTACT-
TCTCGG from the 59 region of the gustducin-coding sequence).
The presence of the gus (knockout) allele was determined as
described (17). Founder animals were screened by genomic
Southern analysis, using an a-gustducin probe to determine the
integrity of the transgene array and to confirm the identity of
each transgenic line. Selected founders were backcrossed to
129ySvEmsJ gusygus (gustducin-null) mice to generate stable
transgenic lines. Heterozygous (GUSygus) mice carrying either
transgene were used as parents in a second backcross to the
129ySvEmsJ gusygus background so that the litters would con-
tain mice of all four possible genotypes in a homogeneous
genetic background. A total of 6 lines were generated for the WT
transgene, and 12 for the G352P transgene. Three lines of mice
for each transgene (nos. 28, 47, and 63 for WT; nos. 81, 82, and
89 for the G352 transgene) were tested in pilot experiments for
protein expression and behavioral responses to bitter and sweet
compounds. Qualitatively similar results were obtained with the
three WT transgenic lines (restoration of responses to bitter and
sweet compounds). Likewise, similar results were obtained with
the three G352P transgenic lines (no restoration of responses to
bitter and sweet compounds). Lines 28 and 82 were chosen for
further analysis because the pattern of a-gustducin expression in
their TRCs matched or exceeded that of WT.

Immunofluorescence. Sectioning, fixation, and immunofluores-
cence were as described (2, 21). The rabbit antiserum GD1 (24),
elicited against an a-gustducin-specific peptide, was used at
1:500 dilution in blocking buffer for 1 h at room temperature.
After washes in PBS, the sections were incubated with a Cy3
fluorescent anti-rabbit IgG conjugate for 30 min at room tem-
perature, washed in PBS, mounted, and photographed by using
a fluorescent microscope.

Behavioral Analysis. The mice were grouped according to geno-
type by PCR to score for endogenous a-gustducin and neo (to
determine whether they were GUSygus or gusygus) and for the
transgenes. Young adult males were used in all experiments. The
genetic background was 87.5% 129ySvEmsJ, 6% C57BLy6J, and
6% CBAyJ. Heterozygous GUSygus mice were used as WT
controls; previous experiments indicated no gross anatomical or
behavioral differences between GUSyGUS and GUSygus ani-
mals (data not shown). Two-bottle preference testing was as
described (17).

Results
Several biochemical studies suggest that the interaction of gustducin
with its cognate taste receptors is similar to that of transducin with
rhodopsin (2, 3, 7). A key result from these studies is that the C
terminus of a-gustducin is a critical determinant for its interaction
with taste receptors. Based on inferences derived from structural
studies of transducin (25, 26), and on peptide and mutagenic studies
of the interactions of transducin and other G-proteins with GPCRs
(27–30), we generated an a-gustducin mutant with a single glycine
to proline substitution at position 352 near its C terminus (G352P;
Fig. 1A). The G352P-a-gustducin mutant was anticipated to be
defective in its interaction with taste receptors, because the equiv-
alent glycine of rod-transducin (G348) is a key amino acid in the
b-sheet of the C terminus (25, 26), and its substitution by alanine
or proline disrupts the structure of the C terminus and interferes
with transducin’s interaction with rhodopsin (27–30). G348P-a-
transducin was shown to have a selective deficit in coupling to
rhodopsin while maintaining its ability to bind guanine nucleotides
and undergo GTPgS-dependent conformational activation (29).

We used the conformationally sensitive trypsin assay to mon-
itor the activation state of G352P-a-gustducin vs. WT-a-
gustducin. Like G348P-a-transducin, we found G352P-a-
gustducin to be intact grossly because it could be activated in a
receptor-independent fashion by AlF4

2 or GTPgS (Fig. 1B). The
G352P-a-gustducin mutant had the same affinity as WT for
GDP and GTPgS and interacted normally with G-protein bg-
subunits (data not shown). However, G352P-a-gustducin could
not be activated by rhodopsin (Fig. 1C) or by denatonium-
responsive receptors present in taste membranes (Fig. 1D),
suggesting that, as expected, G352P-a-gustducin maintained all
features of the WT G-protein except the ability to be activated
by seven-transmembrane helix receptors. This result, together
with peptide competition studies (2), and the G-protein bg
dependence of a-gustducin activation by denatonium benzoate
plus taste receptors (3), supports the idea that the observed
activation of WT-a-gustducin and a-transducin by denatonium-
stimulated taste membranes is mediated indeed by GPCRs.

To determine if transgenic expression of G352P-a-gustducin
in the a-gustducin lineage of TRCs would competitively inhibit
WT gustducin andyor other G-proteins expressed in these TRCs,
we used the murine a-gustducin promoter (15, 20, 21) to drive
expression of G352P- and WT-a-gustducin transgenes. To ana-

Fig. 2. Generation of GUS8.4WT- and GUS8.4G352P-a-gustducin transgenic
lines. (A) Schematic maps of the constructs used for pronuclear injection. An
8.4-kb fragment of the mouse a-gustducin gene (GUS8.4 promoter) that drives
TRC-specific expression was cloned 59 to the rat WT or G352P-a-gustducin
cDNAs. The position and relative size of the a-gustducin probe used for
screening is shown. (B) Genomic Southern analysis of transgenic lines. EarI-
digested genomic DNAs from two GUS8.4G352P, two GUS8.4WT, and two
nontransgenic GUSygus mice were electrophoresed, transferred, and probed.
The endogenous GUS gene yields a 1.0-kb EarI fragment present in all the mice
analyzed. The WT transgene yields 1.8- and 0.2-kb bands; the G352P transgene
yields a 3.0-kb band. Differences in the intensities of the bands across trans-
genic lines reflect variation in the copy number of the transgenes. (C) Expres-
sion of WT and G352P-gustducin transgenes. Indirect immunofluorescence
staining of circumvallate papillae from homozygous null (gusygus), heterozy-
gous WTynull (GUSygus), and transgenic animals expressing WT or G352P-a-
gustducin in the gusygus background. No a-gustducin is detected in TRCs of
gusygus mice; gusygus mice transgenic for GUS8.4WT-a-gustducin (gusygus-
GUS8.4WT) express the protein at levels comparable to GUSygus littermates;
gusygus mice transgenic for the G352P-a-gustducin (gusygus-GUS8.4G352P)
have '3–5-fold more gustducin in their TRCs in comparison to their GUSygus
nontransgenic siblings.
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lyze the effects of transgenic expression of G352P and WT forms
of a-gustducin on bitter and sweet transduction in vivo, we
generated appropriate recombinant constructs driven by the
GUS8.4 promoter (diagrammed in Fig. 2A). The G352P mutation
destroys an EarI restriction endonuclease site (Fig. 1 A) that can
be used to differentiate G352P-gustducin from WT by Southern
blot (Fig. 2B). Southern analysis with a C-terminal a-gustducin
probe (Fig. 2 A) labeled, in all animals, a 1-kb EarI fragment
corresponding to the endogenous a-gustducin gene; diagnostic
1.8- and 0.2-kb fragments were present in GUS8.4WT transgenic
animals, but absent from GUS8.4G352P mice (Fig. 2B). The
relative intensity of the labeled bands was related directly to the
copy number of the transgenes (10–50 copies for GUS8.4G352P;
2–5 copies for GUS8.4WT). Gustducin-specific immunofluores-
cence demonstrated TRC expression of G352P-a-gustducin and
WT transgenes (Fig. 2C). a-Gustducin-null mice (gusygus) were
completely devoid of gustducin protein, whereas null mice
carrying the WT a-gustducin transgene (gusygus-GUS8.4WT)
expressed protein levels comparable to those of heterozygous
nontransgenic (Gusygus) siblings. Null mice carrying the mutant
G352P transgene (gusygus-GUS8.4G352P), however, overex-
pressed the mutant protein at about 3–5 times the level of WT
a-gustducin in the heterozygousynontransgenic siblings.

To confirm that transgenes expressed from the a-gustducin
promoter function as well as the endogenous a-gustducin gene,

we tested behavioral responses of null mice carrying the WT
transgene (gusygus-GUS8.4WT) to compounds that are per-
ceived by humans as bitter (denatonium and quinine) or sweet
(sucrose and SC45647, a high-potency artificial sweetener).
Transgenic expression of WT rat a-gustducin in a-gustducin-null
mice led to the recovery of responsiveness to both denatonium
(bitter) and SC45647 (sweet) at levels no different from that of
heterozygous WT (GUSygus) siblings (Fig. 3 A and B and Table
1). These results and immunohistochemical analysis of mice
expressing b-galactosidase or green fluorescent protein as trans-
genes driven by the GUS8.4 promoter (15, 20, 21) demonstrate
that this promoter drives appropriate and functional expression
of transgenes to the a-gustducin lineage of TRCs.

Expression of the WT transgene in the heterozygous back-
ground led to a slight but significantly increased sensitivity to
denatonium (Fig. 3 A and C and Table 1), quinine (Fig. 3E and
Table 1), and sucrose (Fig. 3F and Table 1), suggesting that
limiting amounts of a-gustducin in heterozygous nontransgenics
may affect their sensitivity to these compounds; alternatively, the
rat transgenes may differ functionally from murine a-gustducin
despite their sequence similarity. Responses to SC45647 did not
differ significantly in nontransgenic heterozygotes vs. heterozy-
gotes expressing the WT transgene (Fig. 3D and Table 1). It is
unclear why transgenic overexpression of WT-a-gustducin af-
fects responses to quinine, denatonium, and sucrose but not to
SC45647.

Fig. 3. Mean preference ratios from 48-h two-bottle preference tests. Males of six different genotypes, heterozygous WT (GUSygus; green circles), homozygous
null (gusygus; red squares), GUS8.4G352P transgenic in the heterozygous WT background (GUSygus-GUS8.4G352P; filled circles), GUS8.4G352P transgenic in the
homozygous null background (gusygus-GUS8.4G352P; filled squares), GUS8.4WT transgenic in the heterozygous WT background (GUSygus-GUS8.4WT; inverted
blue triangles), and GUS8.4WT transgenics in the homozygous null background (gusygus-GUS8.4WT; yellow triangles), were compared. To aid comparison, the
dashed lines in A and B show the gusygus (Left) and the GUSygus (Right) groups. The experiments of A and B were performed with one set of animals, experiments
in C–F with another set, and a third set of animals was used in a denatonium single presentation experiment (Table 1). Presentation of tastants was in the
following ascending orders. (A) Denatonium benzoate (0.005, 0.05, 0.15, 0.45, 0.62, 0.85, 1.0, 3.0, and 10.0 mM). (B) SC45647 (0.01, 0.025, 0.05, 0.075, 0.1, 0.15,
0.23, 0.35, 0.45, and 1.0 mM). (C) Denatonium benzoate (0.15, 0.3, 0.6, and 1 mM for groups in the heterozygous WT background and 1.5, 3.0, 6.0, and 10.0 mM
for groups in the homozygous null background). (D) SC45647 (0.03, 0.06, 0.12, and 0.24 mM for groups in the WT background and 0.3, 0.6, 1.2, and 2.4 mM for
groups in the null background). (E) Quinine hydrochloride (0.01, 0.025, 0.05, and 0.1 mM for groups in the WT background and 0.1, 0.25, 0.5, and 1 mM for groups
in the null background). (F) Sucrose (20, 50, and 100 mM for groups in the WT background and 200, 500, and 1,000 mM for groups in the null background).
Two-way ANOVA (between factor, genotype; within factor, concentration of tastant) was used for statistical comparison of mean preference ratios between
the groups. The exact P values and F statistics for each comparison, as well as the t tests for pairwise mean comparisons between strains (collapsed across
concentration), are shown (Table 1). For individual concentrations of the different tastants, the figure indicates the significant (P , 0.05, two-tailed t test) pairwise
comparisons of GUS8.4G352P transgenic animals vs. nontransgenic littermates (*) or of GUS8.4WT transgenic animals vs. nontransgenic littermates (1).
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Given that the a-gustducin promoter provided appropriate
expression of the WT a-gustducin transgene, we set out to
determine if overexpression of the G352P-a-gustducin transgene
would act as a ‘‘dominant-negative’’ to inhibit the functioning of
WT a-gustducin and any other G-proteins present in the a-gust-
ducin lineage of TRCs. Expression of the G352P-a-gustducin
transgene in the WT-a-gustducin background (GUSygus-
GUS8.4G352P) diminished responses to both sweet and bitter
compounds (Fig. 3 WT background). In contrast to the non-
transgenic GUSygus siblings, the GUSygus-GUS8.4-G352P trans-
genic mice showed a marked reduction in their responsiveness to
denatonium (Fig. 3 A and C and Table 1), quinine (Fig. 3E and
Table 1), and sucrose (Fig. 3F and Table 1), although curiously
no such effect was observed with SC45647 (Fig. 3D and Table 1).
As expected, expression of the G352P transgene in the a-gust-
ducin-null background did not restore responsiveness to either
sweet or bitter compounds (Fig. 3). In the range of concentra-
tions of denatonium (0.1–1.0 mM) and SC45647 (0.1–1.0 mM) at
which heterozygous nontransgenic (GUSygus) siblings demon-
strated maximal behavioral responses, no statistically significant
differences were observed between null (gusygus) mice and null
littermates carrying the GUS8.4G352P transgene (Fig. 3 A and B

null background). However, at the higher concentrations of
denatonium (6.0–10.0 mM), SC45647 (1.2–1.5 mM), quinine
(0.5–1 mM), and sucrose (0.5–1.0 M) required to elicit responses
from gusygus mice, the gusygus-GUS8.4G352P transgenic mice
showed significantly decreased responses in comparison to their
gusygus-nontransgenic littermates (Fig. 3 C–F null background
and Table 1). At these higher concentrations of tastants, the
G352P-a-gustducin protein acted as a dominant negative to
inhibit the gustducin-independent mechanisms operating in
a-gustducin-null mice. These results suggest that these ‘‘backup’’
mechanisms use another G-protein a-subunit expressed in the
same TRCs that normally express gustducin; possible candidates
include a-transducin, ai2, ai3, a14, a15, or aS, which have been
shown to be present in TRCs (1, 31–33).

Discussion
We have characterized biochemically the G352P-a-gustducin
mutant in vitro and expressed transgenically WT- and G352P-
a-gustducin in TRCs in vivo to gain insight into a-gustducin-
dependent and a-gustducin-independent taste transduction
pathways. The WT transgene restored bitter and sweet respon-
siveness of a-gustducin-null mice to WT levels, whereas the

Table 1. Statistical analysis of two-bottle preference test

Tastant Concentration range, C
Genetic

background
Transgene
(strain: S) n

Preference ratio
(overall mean 6 SD)

ANOVA,
S 3 C*

Strain
comparison

t test†

Denatonium 5 mM–10 mM GUSygus no transgene (A) 13 0.26 6 0.19 F 5 5.3 C . A P , 0.01
GUS8.4 WT (B) 8 0.23 6 0.19 P , 0.013 C . B P , 0.001
GUS8.4 G352P (C) 9 0.33 6 0.21 A . B P , 0.07

Denatonium 5 mM–10 mM gusygus no transgene (D) 10 0.50 6 0.13 F 5 42.4 D . E P , 0.0001
GUS8.4 WT (E) 11 0.27 6 0.19 P , 0.0001 F . E P , 0.0001
GUS8.4 G352P (F) 9 0.51 6 0.15

Denatonium 0.1–1 mM GUSygus no transgene (A) 19 0.22 6 0.19 F 5 4.9 C . A P , 0.02
GUS8.4 WT (B) 10 0.16 6 0.14 P , 0.013 C . B P , 0.003
GUS8.4 G352P (C) 12 0.31 6 0.25 A . B P , 0.09

Denatonium 1–10 mM gusygus no transgene (D) 11 0.37 6 0.21 F 5 0.49
GUS8.4 G352P (F) 11 0.40 6 0.19 P , 0.5

Denatonium 0.5 mM GUSygus no transgene (A) 10 0.13 6 0.13 C . A P , 0.01
GUS8.4 G352P (C) 12 0.29 6 0.16

Denatonium 5 mM gusygus no transgene (D) 12 0.14 6 0.11 F . D P , 0.01
GUS8.4 G352P (F) 13 0.27 6 0.15

Quinine 60 mM–0.5 mM GUSygus no transgene (A) 19 0.20 6 0.23 F 5 3.2 C . A P , 0.02
GUS8.4 WT (B) 10 0.17 6 0.23 P , 0.05 C . B P , 0.02
GUS8.4 G352P (C) 12 0.37 6 0.31 A > B P < 0.12

Quinine 0.6–5 mM gusygus no transgene (D) 11 0.29 6 0.19 F 5 4.7
GUS8.4 G352P (F) 11 0.42 6 0.16 P , 0.04

SC45647 10 mM–1 mM GUSygus no transgene (A) 13 0.78 6 0.20 F 5 1.2
GUS8.4 WT (B) 8 0.71 6 0.18 P < 0.32
GUS8.4 G352P (C) 9 0.82 6 0.24

SC45647 10 mM–1 mM gusygus no transgene (D) 10 0.48 6 0.11 F 5 39.1 D , E P , 0.0001
GUS8.4 WT (E) 11 0.73 6 0.23 P , 0.0001 F , E P , 0.0001
GUS8.4 G352P (F) 9 0.49 6 0.10

SC45647 30 mM–0.3 mM GUSygus no transgene (A) 19 0.82 6 0.20 F 5 0.59
GUS8.4 WT (B) 10 0.82 6 0.17 P < 0.56
GUS8.4 G352P (C) 12 0.87 6 0.16

SC45647 0.3 mM–3 mM gusygus no transgene (D) 11 0.68 6 0.22 F 5 5.17
GUS8.4 G352P (F) 11 0.56 6 0.16 P , 0.03

Sucrose 20–100 mM GUSygus no transgene (A) 19 0.80 6 0.21 F 5 6.23 C , A P , 0.0001
GUS8.4 WT (B) 10 0.87 6 0.18 P , 0.005 C , B P , 0.0001
GUS8.4 G352P (C) 12 0.66 6 0.26 A , B P , 0.09

Sucrose 0.2–1 M gusygus no transgene (D) 11 0.79 6 0.22 F 5 1.48
GUS8.4 G352P (F) 11 0.69 6 0.16 P < 0.24

*Nonsignificant differences are indicated by bold type.
†Strain comparison t tests were collapsed across concentration.
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G352P mutant, which cannot be activated by GPCRs, did not
restore these responses. Rather, the mutant transgene acted as
a dominant negative to further reduce the residual taste re-
sponses of the null mice.

In a-gustducin-null mice, the gustducin heterotrimer does not
form, and downstream signals carried by the bg substituents of
the heterotrimer are lost along with those signals mediated by
a-gustducin. In the G352P-a-gustducin transgenic mice, the
gustducin heterotrimer forms, but because the G352P mutant
cannot be activated by its receptor, blocking receptor-mediated
activation of gustducin’s a- and bg-subunits, it acts as a ‘‘bg sink’’
to bind all available bg-subunits and remove them from the pool
of receptor-activatable heterotrimers. That there is no recovery
of responsiveness to bitter or sweet compounds in null mice
expressing the G352P-a-gustducin transgene suggests that both
bitter and sweet transduction involve activation of the gustducin
heterotrimer. Furthermore, by its action as a bg sink, the
G352P-a-gustducin mutant may block receptor activation of
other heterotrimers expressed in the gustducin lineage of TRCs.

We conclude that the gustducin-independent responses of
a-gustducin-null mice to quinine, denatonium, sucrose,
SC45647, and presumably other bitter and sweet compounds, are
mediated by other heterotrimeric G-proteins expressed in the
gustducin lineage of TRCs. a-Transducin seems the most likely
‘‘backup’’ for a-gustducin because it is expressed in TRCs (2) and
is indistinguishable biochemically from gustducin (7). Consistent
with this proposal is the finding that GUS8.4-promoter expres-
sion of the a-rod-transducin transgene in the gustducin lineage

of TRCs partially restored behavioral responses to bitter and
sweet compounds of a-gustducin-null mice (W. He and R.F.M.,
unpublished data).

How gustducin can transduce the tastes of both bitter and
sweet compounds is presently unclear. The interrelationship of
bitter and sweet and possible crosstalk between these pathways
have been noted (34–39). Psychophysical studies describe the
phenomenon of ‘‘mixture suppression,’’ where mixtures of sweet
and bitter compounds are neither as sweet nor as bitter as the
individual compounds alone (40, 41); nerve recording studies
suggest that some of the mixture suppression may occur periph-
erally (42, 43). It may be that bitter and sweet receptors are
segregated physically in bitter- or sweet-specific TRCs, and that
both types of TRCs use gustducin in taste transduction. In
support of this notion is the striking pattern of T2RyTRB
coexpression with a-gustducin; at the rear of the tongue, two-
thirds of the a-gustducin-positive TRCs are also positive for
T2RyTRB, whereas at the front of the tongue, most of the
a-gustducin-positive TRCs are negative for T2RyTRB. Perhaps
the a-gustducin-positiveyT2R-TRB-negative TRCs are sweet-
responsive cells.
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