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Abstract

Taste receptors are thought to couple to the G protein Ga-gustducin to initiate signal transduction cascades leading to taste perception. To

further characterize the G protein-coupling selectivity of these receptors, we expressed them in HEK293 cells and monitored the modulation

of different signaling pathways upon stimulation. We found that the bitter compound cycloheximide induces phosphorylation of extracellular

signal-regulated kinases1 and 2 (ERK 1/2) and inhibits cAMP accumulation in HEK293 cells expressing the mouse bitter T2R5 receptor.

These effects are totally abolished upon treatment with pertussis toxin. On the other hand, sweeteners and monosodium glutamate induce

phosphorylation of ERK1/2 and inhibit cAMP accumulation in HEK293 cells expressing the human sweet T1R2/T1R3 receptor and the

human umami T1R1/T1R3 receptor, respectively. The effects of these taste modalities are also prevented by treatment with pertussis toxin.

Collectively, our results show that taste receptors can functionally couple to Gai/o proteins to transmit intracellular signals.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Bitter, sweet and amino acid taste (also referred to as

umami taste), are triggered by activation of specific recep-

tors located at the surface of taste receptor cells on the

tongue and palate (Margolskee, 2002; Montmayeur and

Matsunami, 2002). Approximately 25 to 30 genes encode

receptors for bitter tasting substances in humans and

rodents (Adler et al., 2000; Montmayeur and Matsunami,

2002; Matsunami et al., 2000; Bufe et al., 2002). Struc-

turally, these receptors possess the hallmarks of G protein-

coupled receptors, with seven transmembrane domains

flanked by small extracellular amino-termini and intracel-

lular carboxyl-termini. Two bitter receptors, the mouse

bitter T2R5 and the rat bitter T2R9, recognize the protein

synthesis inhibitor, cycloheximide (Bufe et al., 2002;

Chandrashekar et al., 2000). It is known that rodents react

aversively to the taste of cycloheximide (Lush and Hol-

land, 1988). In humans, detection of the bitter compounds

strychnine, salicin and phenylthiocarbamide is thought to

be mediated by three different receptors, TAS2R10, TAS2R16
0014-2999/$ - see front matter D 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.ejphar.2004.03.004

* Corresponding author. Tel.: +1-858-646-8350; fax: +1-858-404-

0752.

E-mail address: guy.servant@senomyx.com (G. Servant).
and TAS2R38, respectively (Bufe et al., 2002; Kim et al.,

2003). Three other taste-specific G protein-coupled recep-

tors, T1R1, T1R2 and T1R3 are thought to form functional

heterodimers that specifically recognize sweeteners and

amino acids (Li et al., 2002; Nelson et al., 2001, 2002).

The rodent and human T1R2/T1R3 combinations recognize

natural and artificial sweeteners (Nelson et al., 2001; Li et al.,

2002) while the rodent and human T1R1/T1R3 combinations

recognize several L-amino acids and monosodium glutamate,

respectively (Li et al., 2002; Nelson et al., 2002). A truncated

form of a metabotropic glutamate receptor, taste-mGlu4
receptor, has also been suggested as a candidate G protein-

coupled receptor for the sensory transduction of umami taste

(Chaudhari et al., 2000).

Taste receptors use G proteins to relay intracellular

signals leading to cell depolarization and, subsequently,

taste perception. Deletion of the gene encoding Ga-gust-

ducin, a taste-specific a-subunit (McLaughlin et al., 1992),

produces mice that are defective in the detection of bitter

and sweet substances (Wong et al., 1996). Importantly, the

defect is only partial, suggesting the involvement of other

G-proteins (Wong et al., 1996; Ruiz-Avila et al., 2001; He

et al., 2002). However, with the exception of Ga15/16

(Chandrashekar et al., 2000; Li et al., 2002; Nelson et

al., 2001, 2002), it is not known which other G protein a-
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subunit(s) can functionally interact with taste receptors.

Taste receptor cells are highly enriched with some of the

a-subunits from the Gai/o subfamily. Gai2 and Gai3 can be

detected by in situ hybridization (Kusakabe et al., 2000;

Asano-Miyoshi et al., 2000) and Gai2 can also be detected

by immunostaining in taste receptor cells (Kusakabe et al.,

2000). A study by Hoon et al. (1999) reports that Gai

proteins are expressed in almost all taste receptor cells. As

a result, Gai2 positive cells are thought to be larger in

number than Ga-gustducin-positive cells in rat circumval-

late papillae (Kusakabe et al., 2000; Margolskee, 2002).

The functional significance of this high abundance of Gai

subunits relative to any other a-subunit in taste receptor

cells is still unclear.

As an initial effort in determining G protein-coupling

selectivity of taste receptors we have examined activa-

tion of known G protein-linked signaling pathways by

sweet, umami and bitter taste receptors expressed in

HEK293 cells. Our results clearly demonstrate, for the

first time, that taste receptors can effectively trigger two

different Gai/o-signaling pathways: the activation of

ERK1/2 and the inhibition of adenylyl cyclase activity.

The possible physiological implications of these findings

are discussed.
2. Materials and methods

Sucrose, D(� )-fructose, aspartame, cyclamate, monel-

lin, monosodium glutamate, inosine monophosphate

(IMP), isoproterenol, epidermal growth factor (EGF),

denatonium benzoate, quinine sulfate, cycloheximide, roli-

pram and forskolin were from Sigma (St. Louis, MO).

Pertussis toxin was from List Biological Laboratories

(Campbell, CA). Zeocin and Dulbecco’s Modified Phos-

phate Buffered Saline (D-PBS) were from Invitrogen

(Carlsbad, CA). Puromycin was from EMD Biosciences

(San Diego, CA).

2.1. Establishment of stable cell lines

An inducible expression system, GeneSwitch (Invitro-

gen), was used to establish a stable line expressing the

human umami T1R1/T1R3 receptor. pGene derived Zeo-

cin-resistant expression vectors that express human T1R1

and human T1R3 and a puromycin-resistant pSwitch-

derived vector that carries the GeneSwitch protein were

linearized and co-transfected in HEK293 cells expressing

Ga15, as previously described (Li et al., 2002). Cells

were selected in 0.5 Ag/ml puromycin and 100 Ag/ml

Zeocin in Dulbecco’s Modified Eagle’s Medium (DMEM)

supplemented with GlutaMAX, 10% dialyzed fetal bovine

serum and 3 Ag/ml blasticidin. Resistant colonies were

expanded, and their responses to monosodium glutamate

following induction with 100 pM Mifepristone was

determined by fluorescence microscopy, as previously
described (Li et al., 2002). In the present study, induction

of receptor expression was initiated with 100 pM Mife-

pristone and was allowed to proceed for 48 h prior to the

experiments. The clone used in this study did not show

functional responses to monosodium glutamate without

induction (data not shown and Fig. 6).

Establishment of the human sweet T1R2/T1R3-receptor

expressing cell line has already been described (Li et al.,

2002). Cells were maintained in low-glucose DMEM me-

dium containing 10% heat-inactivated dialyzed fetal bovine

serum, penicillin/streptomyocin, 3 Ag/ml blasticidin, 100

Ag/ml Zeocin, and 0.5 Ag/ml puromycin in Matrigel (BD

Biosciences)-coated flasks.

To establish a stable cell line expressing the mouse

bitter T2R5 receptor, HEK293 cells were transfected with 5

Ag of linearized Rhodopsin-mT2R5 plasmid (Chandrashe-

kar et al., 2000) in pEAK10 (Edge Biosystems, Gaithers-

burg, MD) using the TransIt-293 transfection reagent

(PanVera/Invitrogen). Cells were selected in the presence

of 0.5 Ag/ml puromycin in high-glucose DMEM medium

containing 10% heat-inactivated dialyzed fetal bovine

serum and penicillin/streptomycin. Clones were isolated,

expanded and analyzed by fluorescence-activated cell sort-

ing for the presence of Rhodopsin tag immunoreactivity at

the cell surface using a monoclonal antibody raised against

the first 40 amino acids of Rhodopsin (Chandrashekar et

al., 2000).

2.2. Transient transfection of HEK293 cells for ERK1/2

assay

Subconfluent HEK293 cells in 10-cm dishes were trans-

fected with 4 Ag of Rhodopsin-rT2R9 receptor plasmid

(Chandrashekar et al., 2000; Bufe et al., 2002) in pEAK10

and 2 Ag pUC-18 as a carrier DNA, using the TransIt-293

transfection reagent. Cells were harvested 24 h later using

Hank’s balanced salt solution (HBSS) without Ca2 + and

Mg2 + and containing 1 mM EDTA (HBSS/EDTA), and

plated into 6-well plates. ERK1/2 assay was performed

48-h post-transfection.

2.3. Determination of ERK1/2 phosphorylation

Cells were seeded into Matrigel (BD Biosciences)-coated

6-well plates at a density of 0.4–0.8 million cells per well

48 h prior to experiment. When necessary, umami receptor

induction was initiated on the day of plating. Cells were

starved for at least 16 h prior to experiment using serum-free

growth media containing 1% fatty acid-free bovine serum

albumin (Sigma). Cells were then stimulated with 2�
agonist solutions in HBSS or D-PBS for 5 min at 37 jC.
Following stimulation, cells were placed on ice and washed

once with ice-cold buffer. Lysis buffer containing 150 mM

NaCl, 50 mM Tris–HCl pH 8, 0.25% sodium deoxycholate,

1% igepal, 2 mM sodium orthovanadate, 1 mM sodium

fluoride, and protease inhibitors was then added and cells
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were scraped off the plates. Lysates were frozen immedi-

ately in liquid nitrogen and kept at � 80 jC until further

analysis.

Lysate protein concentration was determined using the

Bradford method (Amresco, Solon, OH). Cell lysate pro-

teins (22 Ag/lane) were resolved by electrophoresis using

4–20% Tris-glycine gels (Invitrogen). Following electro-

phoresis, proteins were transferred to nitrocellulose mem-

branes that were subsequently blocked with 5% fat-free

milk in Tris-buffered saline containing 0.2% tween-20

(TBST). Membranes were immunoblotted with phospho-

p44/42 Mitogen Activated Protein Kinase (MAPK) mono-

clonal antibody (Cell Signaling Technology, Beverly, MA)

diluted 1:1000 in 5% milk/TBST overnight at 4 jC. The
secondary antibody was a horseradish peroxidase-linked

anti-mouse immunoglobulin diluted 1:2000 in 5% milk/

TBST. Immunoreactive proteins were revealed using Super-

SignalR West Pico Stable Peroxide Solution (Pierce Chem-

ical, Rockford, IL). Results were quantified using Kodak

Image Station 440CF. In all experiments, we also assessed

the total amount of p44/42 MAPK loaded in each lane.

Membranes were stripped of phospho-specific antibodies

using 0.2 M glycine pH 2.5 and re-blotted with p44/42
Fig. 1. The mouse bitter T2R5 receptor couples to phosphorylation of ERK1/2. (A

buffer alone (HBSS), 100 ng/ml EGF, 40 AM cycloheximide, 250 AM quinine, 2

monosodium glutamate/1 mM IMP in HBSS for 5 min at 37 jC. Cell lysate protein
and then blotted using antibodies directed against phosphorylated ERK1/2. Wher

prior to experiment. (B) Time course of cycloheximide-induced ERK1/2 phospho

transiently expressing the rat bitter T2R9 receptor were treated as described in

phosphorylation. Mouse bitter T2R5 receptor-expressing HEK293 cells were incu

jC. Cell lysate proteins were analyzed as described in A. Bands (inset) were quant

(at 100 AM cycloheximide). (E) Untransfected HEK293 cells were treated as d

independent experiments. Results in B and C are representative of two independe
polyclonal antibodies (Cell Signaling Technology) diluted

1:1000 in 5% milk/TBST overnight at 4 jC. Secondary

antibody was horseradish peroxidase-linked anti-rabbit im-

munoglobulin diluted 1:2000 in 5% milk/TBST.

2.4. cAMP experiments

cAMP content of cells was determined by a commer-

cially available chemiluminescent immunoassay kit (Ap-

plied Biosystems, Foster City, CA). Assay plates (96-

well) were pre-coated with Matrigel (BD Biosciences) at

a dilution of 1:400, and cells were seeded at a density of

60,000 cells/well (mouse T2R5 receptor), 75,000 cells/

well (human sweet T1R2/T1R3 receptor) and 50,000 cells/

well (human umami T1R1/T1R3 receptor) 48 h prior to

experiment. Induction of human umami T1R1/T1R3 re-

ceptor expression was also initiated 48 h prior to cAMP

assays. Cell medium was aspirated and 100 Al of pre-

warmed HBSS or D-PBS containing 50 AM rolipram was

added to each well. Cells were incubated for 45 min at

37 jC, buffer was aspirated and 100 Al of pre-warmed

agonist solutions in HBSS or D-PBS containing 50 AM
rolipram and 0.7 to 5 AM forskolin was added to each of
) Mouse bitter T2R5 receptor-expressing HEK293 cells were incubated with

mM denatonium benzoate, 2 mM saccharin, 100 mM sucrose, or 5 mM

s were resolved by electrophoresis, transferred to nitrocellulose membranes

e indicated, cells were incubated with 100 ng/ml pertussis toxin overnight

rylation in mouse bitter T2R5 receptor-expressing cells. (C) HEK293 cells

A. (D) Effect of increasing concentrations of cycloheximide on ERK1/2

bated with cycloheximide diluted in HBSS (0.1 to 100 AM) for 5 min at 37

ified and data were normalized to maximal stimulation of phospho-ERK1/2

escribed in A. Results in A, D and E are representative of at least three

nt experiments.
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the corresponding wells. Plates were incubated for 15

min at 37 jC. Agonists were aspirated and reactions were

terminated with addition of 60 Al of lysis buffer into each

well. cAMP levels were then determined as described by

the kit instructions. An independent cAMP standard curve

was performed on each 96-well plate used. Chemilumi-

nescent signals were detected using a TopCount-NXT

(PerkinElmer, Wellesley, MA) set at a read-time of 2 s/

well. Data were plotted using GraphPad PRISM software

(San Diego, CA) and statistical analysis was performed

using SigmaStat software (SPSS, Chicago, IL).
Fig. 2. The human sweet T1R2/T1R3 receptor and human umami T1R1/

T1R3 receptor couple to phosphorylation of ERK1/2. (A) Human sweet

T1R2/T1R3 receptor-expressing HEK293/G15 cells were incubated with

buffer alone (D-PBS), 100 ng/ml EGF, 40 AM cycloheximide, 250 AM
quinine, 2 mM denatonium benzoate, 2 mM saccharin, 100 mM sucrose,

5 mM monosodium glutamate/1 mM IMP, 4 mM D-Tryptophan and 10

mM cyclamate in D-PBS for 5 min at 37 jC. Cell lysate proteins were

resolved by electrophoresis, transferred to nitrocellulose membranes and

then blotted using antibodies directed against phosphorylated ERK1/2.

Where indicated, cells were incubated with 100 ng/ml pertussis toxin

overnight prior to experiment. (B) Human umami T1R1/T1R3 receptor-

expressing HEK293/G15 cells were induced for receptor expression.

Forty-eight hours later, cells were incubated with buffer alone (D-PBS),

100 ng/ml EGF, 40 AM cycloheximide, 250 AM quinine, 2 mM

denatonium benzoate, 2 mM saccharin, 100 mM sucrose and 5 mM

monosodium glutamate/1 mM IMP in D-PBS for 5 min at 37 jC. Cell
lysate proteins were analyzed as described in A. Where indicated, cells

were incubated with 100 ng/ml pertussis toxin overnight prior to

experiment. (C) Untransfected HEK293/G15 cells were treated as

described in B. Results are representative of at least three independent

experiments.
3. Results

3.1. Activation of the bitter, sweet and umami receptors

induces ERK1/2 phosphorylation in a pertussis toxin

sensitive fashion

To demonstrate that taste receptors can couple to the

Gi/o family of G proteins, we monitored the activation of

MAPK. Several Gai/o-coupled receptors couple to MAPK

activation (Liebmann, 2001; Della Rocca et al., 1997;

Alderton et al., 2001a,b). The level of receptor-induced

MAPK activation can be readily determined by monitor-

ing the level of ERK1/2 phosphorylation using phospho-

specific antibodies (Della Rocca et al., 1997; Alderton et

al., 2001a,b). For this study, we examined the ability of

the mouse bitter T2R5 receptor (Chandrashekar et al.,

2000), the human sweet T1R2/T1R3 receptor (Li et al.,

2002) and the human monosodium glutamate T1R1/T1R3

receptor (Li et al., 2002; Nelson et al., 2002) to modulate

the level of ERK1/2 phosphorylation. T1R2/T1R3 refers

to co-expression of two different receptors, T1R2 and

T1R3, that appear to be functional as dimers (Li et al.,

2002; Nelson et al., 2001). Similarly, T1R1/T1R3 refers to

co-expression of two different receptors, T1R1 and T1R3,

that also appear to be functional as dimmers (Li et al.,

2002; Nelson et al., 2002). A clone of HEK293 cells

stably expressing the mouse bitter T2R5 receptor shows

robust induction of ERK1/2 phosphorylation upon expo-

sure to cycloheximide (Fig. 1A). Induction of ERK1/2

phosphorylation by cycloheximide in mouse bitter T2R5

receptor-expressing cells peaks at 3–5 min post-stimula-

tion (Fig. 1B). This effect is specific to cycloheximide in

these cells as bitter substances such as quinine and

denatonium benzoate, sweeteners such as saccharin or

sucrose and monosodium glutamate do not induce

ERK1/2 phosphorylation (Fig. 1A). Similarly, cyclohexi-

mide induces ERK1/2 phosphorylation in cells transiently

transfected with the rat bitter T2R9 receptor, the receptor

orthologue of the mouse T2R5 receptor (Bufe et al.,

2002) (Fig. 1C). On the other hand, the human sweet

T1R2/T1R3 receptor cell line responds exclusively to

sweeteners in the ERK1/2 assay (Figs. 2 and 3). Sweet-

eners such as sucrose, saccharin, cyclamate and the sweet
tasting amino acid D-Tryptophan specifically induce

ERK1/2 phosphorylation (Fig. 2A). Bitter substances

and monosodium glutamate fail to induce phosphorylation

of ERK1/2 in these cells (Fig. 2A). Similarly, the human

umami T1R1/T1R3 receptor cell line responds exclusively

to monosodium glutamate in the ERK1/2 assay (Fig. 2B).

Sweeteners and bitter substances have no significant

effect on the level of phosphorylated ERK1/2 in these

cells (Fig. 2B). The effects of cycloheximide, saccharin,

cyclamate, D-Tryptophan, sucrose and monosodium gluta-

mate on ERK1/2 phosphorylation are receptor dependent.
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Indeed, these tasting modalities do not induce significant

ERK1/2 phosphorylation in untransfected HEK293 cells

(Fig. 1E) and HEK293/G15 cells (Fig. 2C; and results not

shown).

Cycloheximide induces ERK1/2 phosphorylation in a

concentration-dependent fashion in mouse bitter T2R5

receptor-expressing cells with an EC50 of 1.1F 0.4 AM
(meanF S.D. of three independent determinations) (Fig.

1D). Similarly, saccharin and sucrose also induce ERK1/2

phosphorylation in a concentration-dependent fashion in

human sweet T1R2/T1R3 receptor-expressing cells (Fig.

3A and B). As expected from taste thresholds (Li et al.,

2002), saccharin is much more potent with an EC50 of

277F 47 AM as compared to an EC50 of 73F 37 mM for

sucrose (meanF S.D. of three independent determinations)

(Fig. 3A and B). One of the hallmarks of umami taste is

its significant enhancement by IMP (Yamaguchi, 1991), an

effect that can also be detected on monosodium glutamate-

induced signaling in human umami T1R1/T1R3-expressing

cells (Li et al., 2002). Accordingly, in the ERK1/2 assay,

we observe a leftward shift of the monosodium glutamate

EC50 of about 18-fold in the presence of 10 mM IMP

(Fig. 3C) (EC50 monosodium glutamate: 6.7F 3.4 mM,

EC50 monosodium glutamate in the presence of 10 mM

IMP: 0.37F 0.27 mM; meanF S.D. of three independent

determinations). At maximum concentrations, cyclohexi-

mide, sucrose, and a mixture of monosodium glutamate

and IMP induce a level of ERK1/2 phosphorylation

corresponding to 20% to 40% of the EGF response (Figs.

1 and 2). In preliminary experiments, we found that these

taste modalities induce a level of ERK1/2 phosphorylation

that is two to four times greater than the response to

lysophosphatidic acid receptor activation (results not

shown). The lysophosphatidic acid receptor is a G pro-

tein-coupled receptor that is endogenously expressed in

HEK293 cells and induces ERK1/2 phosphorylation in a

Gai-dependent fashion (Alderton et al., 2001a,b). The

greater response observed with taste G protein-coupled

receptors relative to that of the lysophosphatidic acid
Fig. 3. Effects of increasing concentrations of sweeteners and monosodium

glutamate on ERK1/2 phosphorylation. Human sweet T1R2/T1R3 receptor-

expressing HEK293/G15 cells were incubated with increasing concen-

trations of either saccharin (panel A) (0.078 to 10 mM) or sucrose (panel B)

(3.13 to 400 mM) for 5 min at 37 jC. Cell lysate proteins were resolved by

electrophoresis, transferred to nitrocellulose membranes and then blotted

using antibodies directed against phosphorylated ERK1/2. Bands (insets)

were quantified and data were normalized to the maximal phosphorylation

of ERK1/2 (at 10 mM saccharin and 400 mM sucrose respectively). (C)

Human umami T1R1/T1R3 receptor-expressing HEK293/G15 cells were

induced for receptor expression. Cells were then incubated with increasing

concentrations of monosodium glutamate (0.03 to 60 mM) in the presence

(open squares) or the absence (closed squares) of 10 mM IMP for 5 min at

37 jC. Cell lysate proteins were then analyzed as described in A. Bands

(inset) were quantified and data were normalized to maximal stimulation of

phospho-ERK1/2 (at 10 and 60 mM sodium glutamate). These results are

representative of at least three independent experiments.
receptor could be due to a higher receptor density and/or

a more efficient coupling to the ERK1/2 signaling path-

ways in HEK293 cells.



Fig. 4. Cycloheximide inhibits cAMP accumulation in mouse bitter

T2R5 receptor-expressing cells. (A) Mouse bitter T2R5 receptor-expressing

HEK293 cells and untransfected HEK293 cells were incubated with 0.7 AM
forskolin and 50 AM rolipram in the presence and absence of 40 AM
cycloheximide in HBSS for 15 min at 37 jC. cAMP levels were

determined as described in Materials and methods. cAMP content of cells

stimulated with buffer (0.525% dimethylsulfoxide (DMSO) in HBSS)

was 5 pmol/well. cAMP content of cells stimulated with forskolin was 73

pmol/well. Where indicated, cells were also treated with 100 ng/ml

pertussis toxin for 4 h at 37 jC and then stimulated as described above.

Under these conditions, cAMP content of cells stimulated with buffer

(0.525% DMSO in HBSS) was 4 pmol/well and cAMP content of cells

stimulated with forskolin was 80 pmol/well. (B) Effect of increasing

concentrations of cycloheximide on forskolin-induced cAMP accumula-

tion. Mouse bitter T2R5 receptor-expressing cells were incubated with

0.7 AM forskolin and 50 AM rolipram in the presence of cycloheximide

diluted in HBSS (0.03 to 100 AM) for 15 min at 37 jC and cAMP levels

were determined as described in Materials and methods. Results in A

correspond to the meanF S.D. of three independent experiments performed

in quadruplicates. Results in B correspond to the meanF S.D. of a

quadruplicate determination and are representative of three similar experi-

ments. Significantly different than forskolin response, **P< 0.01 (Student’s

t-test).
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Pertussis toxin has been widely used as a powerful tool

to discriminate among the different pathways used by G

protein-coupled receptors to activate ERK1/2 (Liebmann,

2001). Treatment of the mouse bitter T2R5 receptor,

human sweet T1R2/T1R3 receptor and human umami

T1R1/T1R3 receptor cell lines with pertussis toxin prevents

phosphorylation of ERK1/2 by cycloheximide (Fig. 1A),

by sucrose, saccharin, D-Tryptophan and cyclamate (Fig.

2A) and by monosodium glutamate (Fig. 2B), respectively.

As shown in Figs. 1A and 2A,B, Gai/o-independent

induction of ERK1/2 phosphorylation by EGF is not

affected under these conditions, as expected. Collectively,

these results indicate that taste receptors functionally

couple to Gai/o proteins to induce ERK1/2 activation in

HEK293 cells.

3.2. Activation of bitter, sweet and umami taste receptors

inhibits camp accumulation in HEK293 cells

Results described in Figs. 1–3 suggest that taste

receptors should also inhibit adenylyl cyclase activity

and reduce cAMP levels in HEK293 cells. Fig. 4A shows

that cycloheximide leads to a 70% reduction of forskolin-

induced cAMP accumulation in mouse T2R5 receptor-

expressing cells. Pertussis toxin treatment fully abolishes

the inhibition (Fig. 4A), demonstrating the involvement

of Gai/o proteins. The effect of cycloheximide on cAMP

accumulation is dependent on the mouse bitter T2R5

receptor since cAMP levels of untransfected HEK293

cells are unchanged by cycloheximide (Fig. 4A). Cyclo-

heximide inhibits cAMP accumulation in a concentration-

dependent manner with an EC50 of 0.38F 0.22 AM (Fig.

4B) (meanF S.D. of three independent determinations), a

value similar to the EC50 calculated for ERK1/2 phos-

phorylation (Fig. 1D). Activation of the human sweet

T1R2/T1R3 receptor also results in robust inhibition of

cAMP accumulation in HEK293 cells. Sweeteners such

as aspartame, cyclamate, saccharin and monellin (a sweet

protein) decrease forskolin-induced cAMP accumulation

levels by 55%, 40%, 55% and 64%, respectively (Fig.

5A). These effects are also blocked by pertussis toxin

(Fig. 5A), demonstrating the direct involvement of Gai/o

proteins. Thaumatin, another sweet protein, also induces a

50% reduction in forkskolin-induced cAMP accumulation

in the human sweet T1R2/T1R3 receptor cell line (results

not shown). In contrast, fructose and sucrose do not

inhibit cAMP accumulation in these cells. The lack of

inhibitory effect of fructose and sucrose on the forskolin-

induced cAMP accumulation can be explained by the fact

that these two sweeteners consistently increase cAMP

levels in HEK293 cells that do not express the human

sweet T1R2/T1R3 receptor (Fig. 5B). Cyclamate (Fig.

5C), aspartame (Fig. 5D) and saccharin (Fig. 5E) inhibit

the forskolin-induced cAMP accumulation in a concen-

tration-dependent fashion with EC50s of 1.2F 0.7 mM,

350F 60 AM and 61F 33 AM, respectively (Fig. 5C)
(meanF S.D. of three independent determinations). The

human umami T1R1/T1R3 receptor cell line exhibits very

high basal cAMP levels relative to the mouse bitter T2R5

receptor and human sweet T1R2/T1R3 receptor cell lines

(T2R5 receptor cell line: 2.8F 1.9 pmol/well, T1R2/T1R3

receptor cell line: 4.5F 1.9 pmol/well, T1R1/T1R3 recep-

tor cell line: 180F 30 pmol/well). We do not know yet

if this is a result of an elevated constitutive coupling

of the umami receptor to Gas. In any case, stimulation

of the human umami T1R1/T1R3 receptor by monoso-



Fig. 5. Sweeteners inhibit cAMP accumulation in human sweet T1R2/T1R3 receptor expressing-cells. (A) Human sweet T1R2/T1R3 receptor-expressing

HEK293/G15 cells were incubated with 5 AM forskolin and 50 AM rolipram in the presence and absence of either 200 mM fructose, 200 mM sucrose,

1 mM aspartame, 3 mM cyclamate, 2 mM saccharin or 50 AM monellin in D-PBS for 15 min at 37 jC and cAMP levels were determined as described in

Materials and methods. cAMP content of cells stimulated with buffer (0.525% DMSO in D-PBS) was 3 pmol/well. cAMP content of cells stimulated with

forskolin was 23 pmol/well. Where indicated, cells were also treated with 100 ng/ml pertussis toxin for 4 h at 37 jC and then stimulated as described

above. Under these conditions, cAMP content of cells stimulated with buffer (0.525% DMSO in D-PBS) was 4 pmol/well and cAMP content of cells

stimulated with forskolin was 149 pmol/well. (B) Untransfected HEK293/G15 cells were treated as in A. cAMP content of cells stimulated with buffer

(0.525% DMSO in D-PBS) was 4 pmol/well and cAMP content of cells stimulated with forskolin was 90 pmol/well. (C) Effects of increasing

concentration of cyclamate on forskolin-induced cAMP accumulation. Cells were incubated with 5 AM forskolin and 50 AM rolipram in the presence of

increasing concentrations of cyclamate (0.08 to 10 mM). cAMP content of cells stimulated with forskolin alone was 11 pmol/well. (D) Effects of

increasing concentration of aspartame on forskolin-induced cAMP accumulation. Cells were incubated with 5 AM forskolin and 50 AM rolipram in the

presence of increasing concentrations of aspartame (0.03 to 4 mM). cAMP content of cells stimulated with forskolin alone was 14 pmol/well. (E) Effects

of increasing concentration of saccharin on forskolin-induced cAMP accumulation. Cells were incubated with 5 AM forskolin and 50 AM rolipram in the

presence of increasing concentrations of saccharin (0.008 to 1 mM). cAMP content of cells stimulated with forskolin alone was 24 pmol/well. Results in

A and B correspond to the meanF S.D. of three to six independent experiments performed in quadruplicates. Results in C–E correspond to the

meanF S.D. of a quadruplicate determination and are representative of three similar experiments. Statistical significance was tested by one-way ANOVA,

P= 0.001 and by Dunn’s method for multiple comparison. *P< 0.05.
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dium glutamate reproducibly decreases basal levels of

cAMP by 50% in HEK293 cells (Fig. 6), confirming

that this receptor indeed couples to Gai/o proteins. On the
other hand, cAMP levels remain unchanged in the

presence of monosodium glutamate if the umami receptor

expression is not induced prior to the experiment (Fig. 6).



Fig. 7. The mouse bitter T2R5 receptor and the human sweet T1R2/T1R3

receptor do not functionally couple to cAMP accumulation. (A) Human

sweet T1R2/T1R3 receptor-expressing HEK293/G15 cells were incubated

with 50 AM rolipram in the presence and absence of either 1 mM aspartame,

3 mM cyclamate, 2 mM saccharin, 50 AMmonellin and 10 AM isoproterenol

in D-PBS for 15 min at 37 jC and cAMP levels were determined as

described in Materials and methods. Under these conditions, the basal level

of cAMP was 2 pmol/well. (B) Human sweet T1R2/T1R3 receptor-

expressing cells were treated with 100 ng/ml pertussis toxin for 4 h at

37 jC and then stimulated as described above. Under these conditions, the

basal level of cAMP was 1.3 pmol/well. (C) Mouse bitter T2R5 receptor-

expressing HEK293 cells were incubated with 50 AM rolipram in the

presence and absence of 40 AM cycloheximide or 10 AM isoproterenol in

HBSS for 15 min at 37 jC. Under these conditions, the basal level of cAMP

was 5 pmol/well. Cells were also treated with 100 ng/ml pertussis toxin for 4

h at 37 jC and then stimulated as described above. Under these conditions,

the basal level of cAMP was 4 pmol/well. Results correspond to the

meanF S.D. of three independent experiments performed in quadruplicates.

Fig. 6. Monosodium glutamate inhibits cAMP accumulation in human

umami T1R1/T1R3 receptor-expressing cells. Human umami T1R1/T1R3

receptor-expressing HEK293/G15 cells were induced for receptor expres-

sion or seeded into cAMP-testing plates without induction. Forty-eight hours

later, cells were incubated with 50 AM rolipram in the presence and absence

of 3 mMmonosodium glutamate/10 mM IMP in D-PBS for 15 min at 37 jC
and cAMP levels were determined as described in Materials and methods.

cAMP content of cells in the presence of rolipram was 180 pmol/well.

Where indicated, cells were also treated with 100 ng/ml pertussis toxin for 4

h at 37 jC and then stimulated as described above. Results correspond to the

meanF S.D. of three independent experiments performed in quadruplicates.

Significantly different than forskolin response, ***P< 0.001 (Student’s

t-test).
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3.3. Sweet and bitter taste receptors do not couple to cAMP

accumulation in HEK293 cells

It has been suggested that the sweet receptor may couple,

in addition to Ga-gustducin, to Gas and increase cAMP

levels in taste receptor cells (Margolskee, 2002). Clearly,

our results with ERK1/2 phosphorylation and inhibition of

cAMP accumulation point to a direct coupling to Gai/o

proteins (Figs. 2, 3 and 5). However, it is still possible that

this receptor could have multiple properties, coupling to

both Gai/o and Gas proteins. Therefore, we sought to

determine if we could detect an agonist-induced increase

in cAMP levels in the human sweet T1R2/T1R3 receptor cell

line. Under these experimental conditions (i.e. in the ab-

sence of forskolin), cAMP levels remain unchanged after

stimulation with aspartame, cyclamate, saccharin and mon-

ellin (Fig. 7A). On the other hand, a h-adrenoceptor agonist,
isoproterenol, induces a 100% increase of cAMP accumu-

lation in human sweet T1R2/T1R3 receptor-expressing cells

indicating that a functional receptor/Gas interaction can be

detected. The sweeteners do not induce an increase of

cAMP levels even after abolishing functional coupling to

Gai/o with pertussis toxin (Fig. 7B). In contrast, the isopro-

terenol response increases significantly (by more than 17-

fold) under these conditions, confirming that h-adrenore-
ceptors couple to both Gai/o and Gas proteins in HEK293

cells (Daaka et al., 1997). Similar experiments with the

mouse bitter T2R5 receptor cell line suggest that bitter

receptors also do not functionally couple to Gas. Cyclohex-

imide does not increase levels of cAMP in T2R5 receptor-

expressing cells, even after inhibiting coupling to Gai/o

proteins with pertussis toxin (Fig. 7C). Interestingly, inhib-

iting functional coupling to Gai/o with pertussis toxin in the

human umami T1R1/T1R3 receptor cell line reveals a
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modest increase of 25% in cAMP levels (Fig. 6). Further

experiments are necessary to determine if the umami recep-

tor can indeed couple to Gas-signaling pathways in a

significant fashion.
4. Discussion

In this study, we have investigated the functional

coupling of taste receptors to Gai/o proteins by monitoring

the levels of ERK1/2 phosphorylation and the levels of

intracellular cAMP, two second messengers modulated by

dozens of G protein-coupled receptors (Chin et al., 2002;

Liebmann, 2001). cAMP is a universal second messenger

used by a plethora of cell surface receptors to relay signals

from the extracellular milieu to the intracellular signaling

machinery such as protein kinases, transcription factors

and ion channels (Chin et al., 2002). G protein-coupled

receptor-mediated activation of Gas typically increases

while Gai/o activation decreases intracellular cAMP levels,

respectively (Hanoune and Defer, 2001). The GTP-bound

form of Gas directly activates the nine types of membrane-

bound adenylyl cyclase (Hanoune and Defer, 2001). Con-

versely, the GTP-bound form of Gai can directly inhibit up

to six different types of adenylyl cyclases (Hanoune and

Defer, 2001). ERK1/2 are activated by Gaq, Gas and Gai/o-

coupled receptors (Liebmann, 2001; Gutkind, 1998) and,

depending on the cellular context, several signaling path-

ways can be triggered to activate these MAPK. Specifically,

it is thought that Gai/o-coupled receptors activate ERK1/2

mainly via the free (activated) Ghg subunits (Gutkind,

1998). Ghg subunits recruit and activate soluble tyrosine

kinases (Gutkind, 1998), phosphatidylinositol-3 kinases

(Lopez-Ilasaca et al., 1997; Murga et al., 2000; Schulte

and Fredholm, 2002), or transactivate receptor tyrosine

kinases at the cell surface to initiate the cascade (Liebmann,

2001).

In the current study, we report that the mouse bitter T2R5

receptor, the human sweet T1R2/T1R3 receptor, and the

human umami T1R1/T1R3 receptor couple to the induction

of ERK1/2 phosphorylation and the inhibition of cAMP

accumulation in HEK293 cells. The bitter substance cyclo-

heximide, the sweeteners saccharin, sucrose, cyclamate,

D-Tryptophan and the savory amino acid monosodium

glutamate all induce ERK1/2 phosphorylation exclusively

in cells expressing their respective receptors. The effects of

cycloheximide, saccharin, sucrose and monosodium gluta-

mate are all concentration-dependent and their potencies are

similar to those reported for the Ga15-induced mobilization

of Ca2 + in HEK293 cells (Chandrashekar et al., 2000; Li et

al., 2002). Similarly, cycloheximide, artificial sweeteners,

the sweet protein monellin, and monosodium glutamate

decrease intracellular cAMP levels exclusively in cells

expressing their respective taste receptors. Here again, the

effects are receptor dependent and the potencies of these

compounds at inhibiting cAMP accumulation are in agree-
ment with EC50 values reported for the Ga15-mediated Ca2 +

mobilization in transfected HEK293 cells (Chandrashekar et

al., 2000; Li et al., 2002). Collectively, these results indicate

that bitter compounds, sweeteners and monosodium gluta-

mate specifically activate their taste receptors to induce

ERK1/2 phosphorylation and the reduction of cAMP accu-

mulation in heterologous cells.

Gai1, Gai2, Gai3, Gav1 and Gao2 all contain a conserved

carboxyl-terminal cysteine residue that is a site for modifi-

cation by pertussis toxin, a 5V-diphosphate-ribosyltransfer-
ase isolated from Bortadella pertussis (Fields and Casey,

1997). Pertussis toxin specifically and irreversibly modifies

these G protein subunits with attachment of an ADP-ribose

moiety and, as a result, physically uncouples the G-protein

from activation by G protein-coupled receptors (Fields and

Casey, 1997). An additional member of the Gai family of G

proteins, Gaz, is insensitive to modification by pertussis

toxin (Fields and Casey, 1997). In our assays, incubation of

cells with pertussis toxin abolishes the phosphorylation of

ERK1/2 by the bitter, sweet and umami taste receptors.

These results indicate that one or more members of the Gai

family—with the exception of Gaz—functionally link the

taste receptors to this signaling pathway in HEK293 cells.

Similarly, pertussis toxin prevents activation of ERK1/2 by

other Gai/o-coupled receptors expressed in HEK293 cells

(Della Rocca et al., 1997; Alderton et al., 2001b). Every

taste G protein-coupled receptor that we studied also cou-

ples to the inhibition of cAMP accumulation in HEK293

cells and pertussis toxin treatment totally abolishes the

inhibition. This result confirms that taste receptors can

couple to one or more members of the Gai/o subfamily. In

this signaling pathway, activated Gai/o proteins directly

inhibit the membrane bound adenylyl cyclase. There is

indeed no evidence for direct regulation of cAMP-phospho-

diesterases by the Gai/o subfamily (Francis et al., 2000).

In agreement with our data, results from independent

studies support a model in which taste receptors can

functionally couple to Gai proteins. Application of bitter-

and umami-tasting stimuli to taste tissue membranes or

papillae reduces levels of cAMP (Margolskee, 2002; Yan

et al., 2001; Chaudhari and Roper, 1998; Abaffy et al.,

2003). This decrease in cAMP levels could be the result of a

direct inhibition of adenylyl cyclases expressed in taste

receptor cells (Abaffy et al., 2003). In support of this

hypothesis, it has been recently estimated that 60% of taste

receptor cells co-express Gai2 and adenylyl cyclase

8 (Abaffy et al., 2003). In contrast to bitter and umami-

tasting stimuli, sweeteners have been reported to increase

cAMP levels in taste receptor cells (Margolskee, 2002).

These observations have led to the hypothesis that the sweet

receptor can also couple to Gas, in addition to Ga-gustducin

(Margolskee, 2002). In our hands, however, the human

sweet T1R2/T1R3 receptor clearly couples to a reduction

of intracellular cAMP levels and a phosphorylation of

ERK1/2 through the direct functional coupling of the sweet

receptor with Gai/o proteins. Moreover, we cannot detect a
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sweetener-induced accumulation of cAMP in human sweet

T1R2/T1R3 receptor-expressing cells, even after inhibiting

functional coupling to Gai/o proteins with pertussis toxin. It

is noteworthy that we can detect a fructose or sucrose-

induced cAMP accumulation in untransfected HEK293/G15

cells. We suspect that this is a direct result of the high

concentrations of sucrose and fructose required in these

experiments. Similarly, in an independent study, application

of a 1 M sucrose solution to tongue muscle membranes

(a non-taste tissue) was shown to induce cAMP accumula-

tion (Striem et al., 1989). It is therefore possible that the

sweetener-induced increase in cAMP levels observed in

taste tissue (Margolskee, 2002) occurs through a receptor-

independent mechanism. Conversely, sweeteners could ac-

tivate Ca2 +-sensitive adenylyl cyclases expressed in taste

receptor cells leading to a net increase of cAMP concentra-

tion (Abaffy et al., 2003). In any case, our results do not

support the hypothesis of a direct functional coupling of the

sweet receptor to Gas (Margolskee, 2002).

The receptors for human and rodent sweet and umami

taste are thought to function as heterodimers with the

combination of T1R2/T1R3 mediating sweet taste (Li et

al., 2002; Nelson et al., 2001; Zhao et al., 2003), and T1R1/

T1R3 mediating umami taste (Li et al., 2002; Nelson et al.,

2002; Zhao et al., 2003). In accordance with this hypothesis,

in situ hybridization studies have shown that three distinct

populations of taste receptor cells exist in rodent taste tissue:

those expressing both T1R1 and T1R3, those expressing

both T1R2 and T1R3 and those expressing only T1R3

(Nelson et al., 2001). T1R3 alone is not a functional umami

receptor, but it does respond to high concentrations of

natural sugars (Zhao et al., 2003). At this point, we do not

know which receptor between T1R1, T1R2 and T1R3

mediates functional coupling to inhibitory G proteins in

HEK293 cells or if T1R3 alone is capable of activating

inhibitory G protein signaling pathways. Further studies are

necessary to address these issues.

Ga-subunits other than Ga-gustducin could contribute to

taste transduction in taste receptor cells (Margolskee, 2002).

Perhaps the most compelling evidence suggesting the in-

volvement of other G proteins in taste perception is the

residual responsiveness of Ga-gustducin-deficient mice to

bitter and sweet stimuli (Wong et al., 1996; Ruiz-Avila et al.,

2001; He et al., 2002). Expression of a dominant negative

form of Ga-gustducin, in Ga-gustducin-deficient mice,

further decreases the residual responsiveness to sweet and

bitter stimuli, substantiating the idea of the involvement of

another G protein (Ruiz-Avila et al., 2001). A recent study

by the group of Roper shows that only about 50% of bitter-

sensitive taste receptor cells from mouse taste tissue express

Ga-gustducin (Caicedo et al., 2003). Moreover, the same

study reports that more than 80% of bitter-sensitive cells

express either Gai2 or Gai2 and Ga-gustducin (Caicedo et

al., 2003), suggesting that a significant proportion of bitter-

sensitive cells may use Gai2 to transmit bitter taste receptor

signaling. These data and our observation that the mouse
bitter T2R5 receptor effectively couples to Gai/o-signaling

pathways further reinforce the notion that Ga-gustducin

independent signaling could occur in taste receptor cells

and that Gai2 proteins would correspond to a likely candi-

date to perform this task. Functional coupling between taste

receptors and Gai2 proteins could, technically, complement

Ga-gustducin function for the activation of phospholipase-

h2, an enzyme that is activated by the Ghg subunit of the

Gi/o subfamily of G proteins and that is essential for taste

transduction (Zhang et al., 2003; Li et al., 2000; Wu et al.,

1993; Katan, 1998; Smrcka and Sternweis, 1993; Rhee and

Bae, 1997). The interaction between taste receptor and Gai2

proteins could explain the residual responsiveness of Ga-

gustducin-deficient mice to bitter and sweet stimuli (Wong

et al., 1996; Ruiz-Avila et al., 2001; He et al., 2002). Gai2 is

abundantly expressed in taste tissue, whereas Gai1 and Gai3

are expressed at lower levels (Asano-Miyoshi, 2000; Kusa-

kabe, 2000; Margolskee, 2002). It is therefore possible that

several members of the Gai/o family could functionally

couple to taste receptors in vivo. Further studies using

pertussis toxin-insensitive Gai/o mutants are necessary to

delineate which Gai/o subtypes can functionally interact

with taste receptors.

This study clearly shows that taste G protein-coupled

receptors can use Gai/o proteins to transmit signals to

downstream effectors. These results now provide investiga-

tors with additional cell based assays to study taste receptor

signaling and pharmacology. Although we do not yet

understand the physiological significance of the interaction

between taste receptors and Gai/o proteins, it is tempting to

suggest that, in vivo, at least one member of the Gai/o

subfamily expressed in taste receptor cells may correspond

to the elusive G protein complementing a-gustducin func-

tions (Margolskee, 2002).
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