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ABSTRACT
Background: The TAS1R1 and TAS1R3 G protein–coupled recep-
tors are believed to function in combination as a heteromeric glu-
tamate taste receptor in humans.
Objective: We hypothesized that variations in the umami percep-
tion of glutamate would correlate with variations in the sequence of
these 2 genes, if they contribute directly to umami taste.
Design: In this study, we first characterized the general sensitivity to
glutamate in a sample population of 242 subjects. We performed
these experiments by sequencing the coding regions of the genomic
TAS1R1 and TAS1R3 genes in a separate set of 87 individuals who
were tested repeatedly with monopotassium glutamate (MPG) sol-
utions. Last, we tested the role of the candidate umami taste re-
ceptor hTAS1R1-hTAS1R3 in a functional expression assay.
Results: A subset of subjects displays extremes of sensitivity, and
a battery of different psychophysical tests validated this observa-
tion. Statistical analysis showed that the rare T allele of single
nucleotide polymorphism (SNP) R757C in TAS1R3 led to a doubling
of umami ratings of 25 mmol MPG/L. Other suggestive SNPs of
TAS1R3 include the A allele of A5T and the A allele of R247H,
which both resulted in an approximate doubling of umami ratings of
200 mmol MPG/L. We confirmed the potential role of the human
TAS1R1-TAS1R3 heteromer receptor in umami taste by recording
responses, specifically to L-glutamate and inosine 5#-monophosphate
(IMP) mixtures in a heterologous expression assay in HEK (human
embryonic kidney) T cells.
Conclusions: There is a reliable and valid variation in human umami
taste of L-glutamate. Variations in perception of umami taste corre-
lated with variations in the human TAS1R3 gene. The putative human
taste receptor TAS1R1-TAS1R3 responds specifically to L-glutamate
mixed with the ribonucleotide IMP. Thus, this receptor likely con-
tributes to human umami taste perception. Am J Clin Nutr
2009;90(suppl):770S–9S.

INTRODUCTION

Sweet, sour, salty, bitter, and umami constitute the pre-
dominant taste qualities that humans perceive. Umami, a Japa-
nese term, was coined by Kikunae Ikeda (1, 2) in 1908 for the
taste of a broth created from seaweed (sea tangle), dried fish
flakes (skipjack tuna), and mushrooms (shiitake). In English,
umami stimuli are often labeled brothy, soupy, meaty, and sa-
vory. Compounds that have the umami taste include L-glutamate
salts, such as monosodium glutamate (MSG) and monop-
otassium glutamate (MPG); 5#-ribonucleotides [inosine 5#-

monophosphate (IMP) and guanosine 5#-monophosphate (GMP)];
certain other amino acids, such as L-aspartate; and certain
peptides (3–5). Glutamate, the prototypical umami stimulus,
is found in many protein-rich foods, such as meats, cheeses,
wines, and certain fruits and vegetables (green peas, tomatoes,
and mushrooms), and sometimes is added directly to selected
cuisines as a flavor enhancer (6). A characteristic feature of
umami flavor is synergism between L-glutamate and some
5#-ribonucleotides, such as IMP and GMP, which can also elicit
a weak umami taste on their own (3, 7, 8).

The idea that umami is a fundamental taste quality, such as
sweet and bitter, has long been debated. Psychophysical
experiments in humans, neurophysiologic experiments in pri-
mates, conditioned taste aversion tests in rats, and genetic studies
in mice suggested that umami has unique taste properties (9–17).
At the same time, other investigators argued that the umami
quality is not unique in rodents because conditioned taste
aversions to MSG can generalize to sodium chloride or sucrose in
rats (18–21). Importantly, glutamate taste in rodents and in
humans may be coded differently, resulting in distinctly different
taste qualia for different species.

Somestudies suggestedanN-methyl-D-aspartate (NMDA)oran
NMDA-like ionotropic glutamate receptor may be responsible for
detection of glutamate taste (22–24), but more recent work has
implicated G protein–coupled receptors (GPCRs) in umami taste
transduction (5, 20, 24–30). The first umami GPCR to be dis-
covered was a truncated metabotropic glutamate receptor 4 that
was missing most of the N-terminal extracellular domain (ECD),
termed taste-mGluR4 (5, 25). The second candidate was a het-
eromer of receptors TAS1R1 and TAS1R3 that was shown to in-
teract with L-glutamate, showing a response significantly
potentiated by 5#-ribonucleotides (28, 30, 31). Recently, 2 var-
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iants of metabotropic glutamate receptor 1, mGluR1a and a taste-
specific variant of mGluR1, have been suggested as proposed
receptors for umami taste perception (32, 33).

The 3 genes of the TAS1R family, TAS1R1, TAS1R2, and
TAS1R3, reside in a cluster on human chromosome 1. Proteins
coded by these genes function as heteromer taste receptors:
TAS1R2 plus TAS1R3 senses sugars and other sweeteners and
TAS1R1 plus TAS1R3 senses amino acids in vitro. Although
variations in human TAS1R genes have been reported in a mul-
tiracial population screen (34), there currently is no known re-
lation of these variations to perceptual phenotypes of human
umami taste. Our present study was designed to determine
whether the TAS1R genetic variants would be related to umami
taste perception. We first conducted a psychophysical in-
vestigation of umami sensitivity in 242 subjects who discrimi-
nated between sodium chloride and MSG. Ten of those subjects
at extremes of sensitivity returned to complete several additional
tests of glutamate sensitivity to validate the observation. We next
fully sequenced the coding regions of genomic TAS1R1 and
TAS1R3 genes for 87 white individuals who were phenotyped
for their responses to MPG. We conducted an association
analysis to reveal suggestive variants in these genes that are
correlated with human umami taste ratings.

SUBJECTS AND METHODS

Subjects: genotyping/phenotyping study

Human genomic DNA was obtained from a population of 87
US subjects, mostly of Dutch ancestry. The youngest subjects in
this population were fourth-generation Dutch-American immi-
grants and the oldest were second generation. All of the subjects
were healthy individuals (44% men) recruited from Michigan
with a mean age (6SD) of 35 6 19 y (age range: 14–89 y).

Subjects: psychophysical study

Two hundred forty-two healthy subjects (49%men), from ages
15 to 63 y (mean6 SD age: 306 12 y), were recruited from the
Philadelphia area. The 10 subjects who completed the second
battery of psychophysical tests had a mean (6SD) age of 27 6
13 y.

All of the subjects provided informed consent before par-
ticipating this study on a form approved by the Office of Reg-
ulatory Affairs at the University of Pennsylvania and were paid
for their participation. All of the subject testing was initiated on
or before 12 June 2006.

Stimuli

Concentration-intensity rating

Subjects were trained on the proper use of a general labeled
magnitude scale (gLMS) and used it to rate the intensity of the
sensation and the taste quality they experienced while tasting
a stimulus (35, 36). This gLMS is a semilogarithmic computer-
presented scale with the verbal descriptors on a vertical axis: “no
sensation,” “barely detectable,” “weak,” “moderate,” “strong,”
“very strong,” and “strongest imaginable.” Subjects rated along
the axis selecting the point near or between terms that most
closely approximated their sensation magnitude, and the com-

puter scored their response as the linear distance along the axis
from the origin. Subjects were asked to first determine which
descriptor on the scale best describes the intensity of the sensation
and then to rate the tastes in the larger context of all sensations
rather than in the narrow context of a particular kind of sensation
(namely, taste). They were offered a series of prototypical stimuli
to show the following qualities: sodium chloride (salty), sucrose
(sweet), citric acid (sour), quinine hydrochloric acid (bitter), urea
(sour and bitter), and MSG in admixture with IMP (savory). The
subjects were instructed that each solution exemplified a quality
of taste as its predominant taste quality but not necessarily its
only one. They were also instructed in the general meaning of the
labels on the scale and the approximate placement of everyday
oral stimuli along the scale.

Five concentrations of MPG (Sigma, St Louis, MO) and one
water (Millipore, Billerica, MA) were used in the concentration–
intensity rating test: 25, 50, 75, 100, and 200 mmol/L. Five
concentrations of sucrose and onewater were also offered to 10 of
these subjects: 100, 150, 200, 300, and 400mmol/L. An aliquot of
10 mL of each solution was offered in 40-mL polyethylene
medicine cups (Del Val Medical Supply, Pharr, TX) on a num-
bered tray. Solutions were offered at 21�C. All of the samples
were offered in ascending concentration and the series was of-
fered in duplicate. Subjects were asked to sip, rate, and expec-
torate each solution. On each trial, subjects held 10 mL
of solution in their mouth for 5 s and rated the intensity of
the solution on a gLMS and were asked to indicate the taste
quality of the solution (salty, bitter, sour, sweet, or savory) before
expectorating.

Triangle test (3-alternative, forced-choice)

Subjects were offered 24 sets of 3 cups containing 10 mL of 29
mmol MSG/L (Sigma) or 29 mmol NaCl/L [Fluka (subsidiary of
Sigma)] solution. In each trial, 2 cups contained one solution and
the third contained the other solution. Orders were randomly
generated with the random integer generator algorithm at www.
random.org. Twelve trials contained 2 cups of sodium chloride
and one cup of MSG. Subjects rinsed with filtered deionized
water (Millipore) 4 times before the test and 4 times after each
sample.

MPG and 5#-ribonucleotide synergy test

The same 10 subjects rated 3 solutions on the gLMS: 1) 10 mL
of 20 mmol MPG/L, 2) 20 mmol MPG/L in admixture with
3 mmol IMP/L, and 3) 20 mmol MPG/L in admixture with
3 mmol GMP/L (Sigma). The tasting and rating protocol was
the same as described above in Concentration-Intensity Rating.

Two-alternative, forced-choice, intensity test

Ten subjects were offered 10 sets of 2 solutions. Each set
contained one medicine cup with 10 mL of 250 mmol sucrose/L
(USB, Cleveland, OH) and one with 200 mmol MPG/L. Subjects
were asked to select which of the 2 cups in the set was more
intense. Orders were randomized.

Modified Harris-Kalmus recognition threshold

Ten subjects were asked to taste MPG samples in an ascending
binary dilution series starting at the weakest concentration (bot-
tle 14) and to determinewhether they tasted anything. If the answer
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was “yes,” then they were asked to name the quality. If the answer
was “savory,” then theywent on to the sorting task; if the answerwas
another quality, then theywent on to the next higher concentration
in the series until they reported tasting savory. In the sorting task,
subjects were offered 3 cups of the MPG solution at the con-
centration they reported as savory tasting and 3 cups of water.
The solutionswere offered in randomorder and the subjects had to
sort them into 3 cups of stimulus and 3 cups of water correctly.
If they failed to do so, they were asked to sort the next highest
concentration in the series until they could sort correctly.

Genetic sequencing

Single nucleotide polymorphisms (SNPs) were discovered by
sequencing genomic DNA for both strands. Each of the exons and
adjacent introns of TAS1R1 and TAS1R3 was amplified with the
primers designed by software at the Primer3 website (http://frodo.
wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Polymerase chain
reaction (PCR) was performed in a total volume of 20 lL, con-
taining 0.25 mmol/L of each deoxynucleotide (Invitrogen, Carls-
bad, CA), 10 pmol of each forward and reverse primer, 1.5 mmol
MgCl/L, 10 mmol Tris–hydrochloric acid/L (pH 8.5), 50 mmol
KCl/L, 1 U of Hotstar Taq DNA Polymerase (Qiagen, German-
town, MD), and 20 ng of genomic DNA. PCR conditions (Mas-
terCycler, Eppendorf, Hamburg, Germany) were as follows: 40
cycles of denaturation at 95�C for 30 s; annealing at 58�C or 60�
C, depending on the primers for 30 s; and extension at 72�C for
1 min. The first step of initial activation and the last step of
extension were at 95�C for 10 min and 72�C for 7 min, re-
spectively. Five microliters of the PCR products were separated
and visualized in a 1.5% agarose gel. Ten microliters of this PCR
product were purified by PureLink PCR Purification Kit (In-
vitrogen). Sequencing reactions and data analysis were per-
formed by Agencourt Bioscience Company (Beverly, MA).

Functional expression of hTAS1R1-hTAS1R3 in human
embryonic kidney 293 (HEK-293) T cells

HEK-293 T cells were transiently transfected with plasmids
expressing hTAS1R1 or hTAS1R3. Transfections were performed
with Lipofectamine 2000 (Invitrogen). Twenty-two hours after
transfection, growthmedia was removed and cells were fixedwith
4% paraformaldehyde. Surface expression of TAS1R1 and

TAS1R3 was confirmed by staining with an antibody against an
N-terminal epitope tag (FLAG). For functional analysis,HEK-293
T cells were transiently transfected with plasmids expressing
hTAS1R1, hTAS1R3, and a chimeric G protein composed of Ga

16

containing the last 44 amino acids ofGa
-i3. Twenty-two hours after

transfection, growth media was removed and cells were washed
once with Hank’s balanced salt solution (HBSS) with 20-mmol
HEPES/L, then loadedwith calcium4 dye inHBSSwith 20-mmol
HEPES/L (Molecular Devices, Sunnyvale, CA). Cells were in-
cubated at 37�C for 1 h, thenmoved to a FlexStation II (Molecular
Devices) and set for 30�C. After a 15-min incubation, cell fluo-
rescencewas measured for 180 s with an excitation wavelength of
485 nm and an emission wavelength of 525 nm with a 515-nm
cutoff. At 30 s, cell cultures were injected with a solution of either
5mmol L-glutamate/Lplus 1mmol IMP/Lor 5mmol D-glutamate/L
plus 1 mmol IMP/L. Data were represented as averaged maximal
fluorescence increase (n = 4). Data were analyzed with Prism
5.0 software (GraphPad Software Inc, La Jolla, CA). All of the
solutions were pH matched.

Statistical analysis

Psychophysical data were analyzed by analysis of variance
(ANOVA) and t tests where indicated. Genotype and allele
frequencies in different groups of subjects were compared with
the CLUMP program (version 1.9) with 10,000 stimulations
(37). The P values reported are 2 tailed and significance was
accepted at P , 0.05. A P value of 0.05 was considered sig-
nificant in tests for Hardy-Weinberg equilibrium. One-factor
ANOVA was performed with EXCEL (Microsoft, Redmond,
WA). Haplotype frequencies, odds ratio, and 95% CIs were
calculated by using the website program http://analysis.bio-x.cn/
myAnalysis.php (38).

RESULTS

Individual variation in MSG sensitivity

MSG compared with sodium chloride triangle test

In a series of 24 triangle test trials using the method described
by Lugaz et al (39), 242 subjects were tested for sensitivity to
MSG by comparing 29 mmol MSG/L with 29 mmol NaCl/L. A
histogram of their results is shown in Figure 1 (left plot).

FIGURE 1. Variation in L-glutamate taste sensitivity. The left panel depicts a histogram of 242 subjects’ performances in a discrimination task: 29 mmol
monosodium L-glutamate/L was tested against 29 mmol NaCl/L in 24 trials of a 3-alternative, forced-choice, triangle test. White bars depict chance
performance and indicate monosodium L-glutamate–insensitive subjects. Dark gray bars indicate monosodium L-glutamate–hyposensitive subjects’
performances. Black bars indicate the performance of subjects who can significantly distinguish L-glutamate from sodium chloride. Two subjects depicted
as light gray bars performed below chance. The right panel shows the test-retest correlation of 5 insensitive subjects and 5 sensitive subjects. The performances
of 2 insensitive subjects were the same and thus are superimposed in the figure.
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Random chance performance results in ’8 of 24 responses
correct. Responses of �13 correct out of 24 are significantly
above chance in a 3-alternative forced-choice task (P , 0.05;
40). We regarded responses of 6 to 8 out of 24 correct as random
guesses and labeled subjects who had those scores as insensitive
to L-glutamate taste (Figure 1, white bars; n = 7). Subjects who
had �5 responses correct were not categorized because these
responses deviate from random performance (n = 2) and are
marked as the shaded open bars. Subjects who had responses of
9 to 12 out of 24 correct were regarded as hyposensitive subjects
to glutamate taste (Figure 1, gray bars; n = 42). Subjects who
scored 13 to 24 out of 24 correct were labeled as sensitive to L-
glutamate taste (Figure 1, black bars; n = 191).

Reliability test

We asked 10 subjects, 5 insensitive (scoring between 6 and 8
correct) and 5 sensitive (scoring between 20 and 24 correct), to

take the 24 trial triangle tests again at the completion of the
experiment 3 to 6 mo later. The test-retest correlation was r =
0.92 (Figure 1, right panel).

Validity tests

The same 10 subjects who were retested (Figure 1) also
participated in 1) an umami taste quality recognition threshold
test, a modified Harris-Kalmus recognition threshold; 2) MPG
and sucrose concentration intensity comparisons; 3) 2-alternative,
forced-choice, intensity tests between sucrose and MPG;
and 4) umami synergy tests with L-glutamate mixed with 5#-
ribonucleotides IMP and GMP. The modified Harris-Kalmus
recognition threshold test revealed that the sensitive subjects
detected umami taste from MSG at a 4-fold lower concentration
than did the insensitive subjects (Figure 2). Concentration-
intensity functions for sucrose (Figure 3, left panel) and MPG
(Figure 3, right panel) show the specificity of the differences in
taste for these 2 groups. The 2 umami sensitivity groups did not
differ in perception of sucrose but did for MPG across the
concentration function range at 50, 75, 100, and 200 mmol/L
(ANOVA, P , 0.05). The concentrations used in the forced-
choice intensity function (200 mmol MPG/L compared with 250
mmol sucrose/L) were selected with the goal of showing a re-
versal of perceived intensity for the 2 groups of subjects. For
subjects who are sensitive to umami taste, MPG was selected as
more intense than sucrose in 43 of 50 trials (86%), and for the
insensitive subjects, MPG was selected as more intense in only
16 of 50 trials (32%), thus showing the reversal of which
stimulus was perceived as more intense (P , 0.05; Figure 4).
The synergy test confirmed that insensitive subjects remained
less sensitive to umami taste than the sensitive subjects even
when the 5#-ribonucleotides IMP and GMP were added (Figure
5). This test also showed that the umami-insensitive subjects
were not umami blind; they showed an enhanced umami taste
when IMP and GMP were added, albeit weaker in intensity than
for the sensitive subjects.

Genetic analysis

Phenotyping

A total of 87 subjects from the extremes of sensitivity who
generated MPG concentration-intensity curves were categorized

FIGURE 2. Mean (6SEM) modified Harris-Kalmus (mHK) recognition
thresholds for umami taste. The same 10 subjects as were tested in Figure 1
(right panel) had their umami taste quality recognition thresholds measured
by testing with monosodium L-glutamate (MSG). The dark bar represents the
average response of umami-sensitive subjects, as categorized in Figure 1,
and the light bar represents insensitive subjects. The y axis represents the
concentration of MSG in mmol/L that was correctly identified as umami
tasting; P , 0.05 (t test).

FIGURE 3. Mean (6SEM) concentration-intensity functions for sucrose and L-glutamic acid potassium salt (MPG). The left panel depicts the taste intensity
rating functions on a general labeled magnitude scale (LMS) for sucrose and for MPG (right panel) for the same 10 subjects as were tested in Figures 1 and 2. Five
concentrations of each stimulus and water were rated. The filled symbols represent the umami-sensitive subjects, and the open symbols represent the insensitive
subjects as categorized in Figure 1. MPG was significantly different between the groups by using ANOVA at 50, 75, 100, and 200 mmol/L (P , 0.05).
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and divided into sensitive or insensitive groups on the basis of the
ratings categorization criteria for the 242-subject population
(Figure 3, right panel). The results seen in Figure 6 are similar to
those obtained with our other population. We separated subjects
approximately evenly into sensitive and insensitive categories to
enable further statistical genetic analysis correlating genetic
variations with perceptual variations. The sensitive group rated
MPG as twice a strong as the insensitive group (Figure 6).

Sequencing and genotyping

We identified variations in these subjects’ TAS1R1 and
TAS1R3 genes by sequencing genomic DNA from all of the
individuals. SNPs observed in these genes are shown in Table 1.
Comparisons of aligned exonic sequences revealed 5 SNPs in
TAS1R1 (all nonsynonymous) and 12 SNPs in TAS1R3 (4 non-
synonymous and 8 synonymous). Most of these SNPs are in the
third and sixth exons of TAS1R genes (Figure 7). In total, 9 of
17 polymorphisms led to changes in the amino acids encoded at
that position. Five SNPs in TAS1R3 gene have never been re-
ported before (Figure 7, boxes surrounding SNP identities).

After placing the polymorphisms into the ribbon diagrams of
the TAS1R1 and TAS1R3 proteins (Figure 8), we showed that
the majority (14 of 17) of the variant amino acid positions re-
sided in the large N-terminal ECD of these receptors, which
comprises the putative “venus fly trap” ligand binding domain of
the receptors. The other 3 variants of TAS1R3 are located in the
third intracellular loop, the seventh transmembrane domain
(TMD), and C-terminal intracellular domains (Figure 8).

SNP analysis

Some of the SNPs we detected are singletons (a variant allele
was observed only once in all of the chromosomes) and so were
not analyzed. We analyzed 2 SNPs of TAS1R1 (A110V and
A372T) and 6 SNPs of TAS1R3 (A5T, A5A, T153T, R247H,
P416P, and R757C) because of their relatively high allele fre-
quency (.0.01). ANOVA revealed 3 suggestive polymorphisms,
all in TAS1R3. Two were in the long amino terminal of this
projected protein (Figure 8, black circles in plot). A5T (nucle-
otide G13/A) resulted in a doubling of umami taste intensity
ratings for the rare allele at 100 and 200 mmol MPG/L (P =
0.052 and P = 0.054, respectively). R247H (nucleotide
G740/A) resulted in a doubling of umami taste intensity rat-
ings for the rare allele at 200 mmol MPG/L (P = 0.054). The
third suggestive SNP resided in the third intracellular loop

FIGURE 4. A 2-alternative, forced-choice, intensity test of L-glutamic
acid potassium salt (MPG) compared with sucrose. The same 10 subjects as
were tested in Figures 1–3 each received 10 trials of 2 solutions in which
they had to determine whether the 200 mmol MPG/L or 250 mmol sucrose/L
tasted more intense. The solid bars represent the overall percentage of trials
that MPG was selected as more intense, and the gray bars represent the
overall percentage of trials that sucrose was selected as more intense. The
left panel depicts data for 5 umami-sensitive subjects and the right panel for
the 5 umami-insensitive subjects as categorized in Figure 1. P , 0.05 for the
reversal (chi-square test).

FIGURE 5. Mean (6SEM) umami synergy tests with 200 mmol L-
glutamic acid potassium salt (MPG)/L mixed with 3 mmol 5#-inosine
monophosphate (IMP) or guanosine 5#-monophosphate (GMP)/L. The
same 10 subjects as were tested in Figures 1–4 were tested. The dark bars
represent the taste intensity ratings of solutions on a general labeled
magnitude scale (LMS) for umami-sensitive subjects, and the white bars
represent the insensitive subjects, as categorized in Figure 1. The x axis
shows the stimuli: water, MPG, MPG mixed with IMP, and MPG mixed
with GMP. Synergy was significant for both groups but was greater in
intensity for the sensitive group; P , 0.05 (ANOVA).

FIGURE 6. Mean (6SEM) concentration-intensity curves for L-glutamic
acid potassium salt (MPG) from a total of 87 subjects with extreme
phenotypes whose TAS1R genes were sequenced. The figure depicts the
overall average MPG concentration-taste intensity ratings on a general
labeled magnitude scale (LMS). The x axis represents MPG concentration,
and the y axis the average taste intensity ratings. The 87 subjects were
divided into 2 approximately even groups of either umami-sensitive or
-insensitive subjects. Differences in umami taste were evident between the
2 groups at 25, 50, 75, 100, and 200 mmol/L; P , 0.05 (ANOVA).
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(Figure 8, black circle). Unlike the other 2 SNPs, which had
effects only at high concentrations, this SNP R757C (nucleotide
C2269/T) seemed only to affect the umami intensity ratings of
25 mmol MPG/L (P = 0.03). Heterozygous subjects who have
the rarer CT genotype rated 25 mmol MPG/L twice as umami as
did those who have the common CC genotype.

Group analyses

We performed chi-square tests as a qualitative analysis on 2
subject groups (sensitive and insensitive) separated by their
ratings ofMPG, but no differences in genotype distribution of any
single SNP between groups were shown (data not shown). In
addition, we observed 3 haplotypes in TAS1R1 and 6 haplotypes
in TAS1R3. Haplotype analysis results did not show any differ-

ence between these 2 groups in frequencies of haplotypes con-
structed by the SNPs.

Functional receptor expression

HEK-293 T cells were transiently transfected with plasmids
expressing TAS1R1 or TAS1R3. Proteins were successfully
expressed on the cell surface, as depicted in Figure 9A
(TAS1R1) and Figure 9B (TAS1R3), and confirmed by staining
with an antibody against an N-terminal epitope tag (FLAG).
HEK-293 T cells that were transiently transfected with plasmids
expressing TAS1R1, TAS1R3, and a chimeric G protein com-
prised of Ga

16 containing the last 44 amino acids of Ga
-i3

together showed enhanced calcium fluorescence responses to
5 mmol L-glutamate/L mixed with 1 mmol IMP/L but not to

TABLE 1

Details of single nucleotide polymorphisms (SNPs) in TAS1R genes1

Gene dbSNP2 Exon cSNP3 Allele

Position

of cSNP

Amino

acid

encoded

Amino

acid

position

Allele

frequency4

TAS1R1 rs35375392 1 G11/A G 11 Cys 4 Singleton

Chromosome location: 1p36.23 A Tyr

Size: 2526 bp5 rs41278020 2 C329/T C 329 Ala 110 0.90

Amino acid: 8416 T Val 0.10

rs10864628 3 G1039/A G 1039 Glu 347 0.99

A Lys 0.01

rs41307749 3 C1067/G C 1067 Ser 356 Singleton

G Cys

rs34160967 3 G1114/A G 1114 Ala 372 0.71

A Thr 0.29

TAS1R3 — 1 G13/A G 13 Ala 5 0.87

Chromosome location: 1p36.33 A Thr 0.13

Size: 2559 bp5 — 1 T15/A T 15 Ala 5 0.87

Amino acid: 8526 A Ala 0.13

— 2 C459/T C 459 Thr 153 0.97

T Thr 0.03

— 3 C612/T C 612 Phe 204 Singleton

T Phe

— 3 G740/A G 740 Arg 247 0.93

A His 0.07

— 3 G1078/A G 1078 Gly 360 Singleton

A Ser

rs3813210 3 C1248/T C 1248 Pro 416 0.92

T Pro 0.08

— 3 G1251/A G 1251 Ala 417 Singleton

A Ala

— 4 G1323/A G 1323 Pro 441 0.99

A Pro 0.01

rs307377 6 C2269/T C 2269 Arg 757 0.98

T Cys 0.02

— 6 C2407/T C 2407 Leu 803 Singleton

T Leu

T Leu

— 6 C2517/T C 2517 Gly 839 Singleton

T Gly

1 dbSNP, Single Nucleotide Polymorphism database (http://www.ncbi.nlm.nih.gov/); cSNP, coding region single nu-

cleotide polymorphism; bp, base pair.
2 Published identifiers of each known SNP.
3 SNP and its position.
4 Frequency of the polymorphism within all 174 chromosomes sequenced.
5 Total number of base pairs in each gene.
6 Number of coded amino acids in the gene.
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5 mmol D-glutamate/L mixed with 1 mmol IMP/L ( Figure 9C).
Experiments were repeated in quadruplicate (n = 4), and bar
heights represent mean fluorescence change. Data were analyzed
with Prism 5.0 software (GraphPad Software Inc). Thus, this
candidate human umami taste receptor responded specifically to
L-glutamate when mixed with IMP but not to D-glutamate mixed
with IMP.

DISCUSSION

Although umami taste is associated most closely with the taste
of MSG, it has been argued that MSG should not be used as
a chemical synonym for umami taste (41). Indeed, some subjects
do not seem to taste MSG as umami. A specific ageusia (loss of
taste) for MSG has been reported in human subjects (39). In that
study, 8 of 109 subjects had no ability to distinguish 29 mmol

MSG/L from 29 mmol NaCl/L and showed markedly decreasing
MSG taste sensitivity, which suggested a severe dysfunction of
sensing umami. These hypotasters probably perceived mostly the
sodium cation in the L-glutamate salt. To avoid the possibly
confusing Na+ salty taste that may be introduced by MSG, we
used MPG as the umami stimulus in several of our experiments,
as other researchers have done (42–44).

We have confirmed that a small percentage of subjects [7% (or
possibly 9%) of 242 subjects] were unable to distinguish 29mmol
MSG/L from 29 mmol NaCl/L in a series of 24 triangle tests. We
showed that subject performance was reliable and valid. Umami-
insensitive subjects had higher umami recognition thresholds and
rated the intensity of a MPG concentration series as weaker in
taste than did their sensitive counterparts, whereas the 2 groups
did not differ in how they rated the sweetness of a sucrose
concentration series and reported that 250 mmol sucrose/L was

FIGURE 7. The open reading frame structures of the human TAS1R1 and TAS1R3 genes and their observed single nucleotide polymorphisms. The black
boxes represent exons and the connecting spanners introns. The letter-number codes depict the locations and amino acid positions of identified
polymorphisms. The first letter depicts the common amino acid and the second letter the substituted amino acid. The same letter indicates that the
nucleotide change did not affect the amino acid code (synonymous change). The boxes indicate previously unreported polymorphisms.

FIGURE 8. Amino acid “ribbon” plots of the protein sequences for hTAS1R1 and hTAS1R3 with polymorphisms. TAS1R1 is represented on the left and
TAS1R3 on the right. Note that TAS1R1 is a slightly larger protein than TAS1R3. The left side of each protein is the amino terminal, and the right side is the
carboxy terminal. The dark horizontal lines depict the cellular membrane. Above these lines is extracellular space, and below these lines is intracellular space.
Circles represent amino acids, and the single letter codes within each circle represent the amino acid identity. Black amino acids indicate the protein locations
of nonsynonymous single nucleotide polymorphisms (SNPs), and amino acids with an asterisk above indicate the position of synonymous SNPs.
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stronger tasting than 200 mmol MPG/L; umami-insensitive
subjects reported the opposite and showed depressed umami
ratings to mixtures of MPG mixed with IMP and GMP relative to
their umami-sensitive counterparts. This last umami synergy test
also revealed that umami-insensitive subjects are not umami
ageusic or umami blind. They are much less sensitive to umami
taste specifically but nevertheless are able to perceive weak
umami taste from MPG mixed with ribonucleotides.

Genetic analysis of mouse strains showed differences in
preference for sweeteners and glutamate (16, 45–47), which
suggests that nonsynonymous polymorphisms in TAS1R genes
are associated with preference and ligand sensitivity. In agree-
ment with a previous report in humans (34), our investigation
confirmed significant nucleotide and protein sequence diversity
in the candidate human taste receptors, TAS1R1 and TAS1R3.
The identification of DNA variant sites within the whole coding
region of TAS1R1 and TAS1R3 genes detected 17 SNPs, 9 of
which cause amino acid substitutions. The third exon, which is
the second largest of the 6 exons, carries more polymorphisms
than any other exon in both TAS1R1 (3 of 5) and TAS1R3 (5 of
12).

We observed the majority of amino acid sequence variations in
the large ECD of TAS1Rs, which is in contrast with the TAS2R
taste receptor family that does not possess large amino terminal
domains and carries most of their polymorphisms in the TMDs.
These data parallel Kim et al’s findings (48). Interestingly, we
detected more polymorphisms in TAS1R3 than in TAS1R1 (34).
This difference from previous reports likely stems from the
composition of the populations used in the studies. Within the
multiracial sample, Kim et al showed many more variations in
a Cameroonian population than in the other 7 populations. In
white populations, however, only 2 SNPs in TAS1R1 (A110V
and A372T) and 4 in TAS1R3 (A5T; P441P; R757C and L803L)
were detected, which is consistent with our observations.

Like other members of class C GPCRs, each TAS1R possesses
a large N-terminal ECD, 7 transmembrane spanning segments
(TM1–TM7) separated by alternating intracellular and extra-
cellular loops (i1–i3 and e1–e3, respectively), and an intracellular
C-terminal domain. Previous studies suggested that the ECD of
TAS1R1 contains binding sites of umami stimuli (49) and the
ECD of TAS1R3 also is required for the receptor-ligand binding
activity (50). Although the binding role of TAS1R ECDs for
human taste perception has not been determined, our findings

support the hypothesis that the majority of polymorphisms occur
in the ECDs of TAS1Rs, thereby affecting sensitivity to umami
stimuli. The TMDs of class C GPCRs are involved in G protein
coupling and contain binding sites for allosteric modulators (51,
52). Protein interaction experiments show that the TMD of hu-
man TAS1R1 displays robust ligand-independent constitutive
activity and efficiently activates G proteins, whereas TAS1R3
couples poorly to G proteins (53). One surprising observation is
that by interacting with the TMDs of TAS1R3, the sweet taste
inhibitor lactisole also can suppress umami taste of L-glutamate
(49, 54).

We detected a genetic variation in the third intracellular loop of
TAS1R3 (R757C), which may be involved in the activation of the
G protein or binding to an allosteric modulator. Interestingly, we
showed that the rare allele of this variant resulted in greater
umami ratings of low concentrations (25 mmol/L) of MPG.
Subjects who possessed a Tallele at this locus ratedMPG as twice
as strong as those who possessed only the C allele, which codes
for L-arginine. In view of the predicted role of TMD of TAS1R3
protein as the binding site to allosteric modulators, R757C in
this region may be an influential factor in the receptor pathway
of umami taste. It is worth noting that the C allele is the com-
mon allele of R757C in our sample population, which may not
reflect frequencies in other populations (34). The discrepancy in
allele frequencies may be explained by small sample size and
lack of racial diversity in the present report.

We have also identified 2 other suggestive SNPs in the amino
terminal domain of TAS1R3. Unlike the R757C variant, which
affected only the ratings of lowMPG concentrations, the A5Tand
the R247H variants resulted in greater taste ratings of high
concentrations of MPG in those possessing the less common
alleles. The position of these SNPs suggests that they may in-
fluence binding with L-glutamate resulting in stronger activation
of the taste system. Most of the variations identified are in the
large ECDs of TAS1R proteins, suggesting that the amino acid
diversity in this TAS1R region reflects the receptor’s recognition
and binding functions for umami taste. We also detected more
polymorphisms in TAS1R3 than in TAS1R1. This difference in
the number of variations may be due to the common role of
TAS1R3 in both sweet and umami taste in humans.

Because there have been few examples of the human TAS1R1-
TAS1R3 heteromer responding to L-glutamate, we also sought to
independently confirm this observation to further strengthen the

FIGURE 9. Expression and calcium mobilization by TAS1R1/TAS1R3. A, B: Human embryonic kidney 293 (HEK293) T cells were transiently transfected
with plasmids that express TAS1R1 or TAS1R3. Surface expression of TAS1R1 (A) and TAS1R3 (B) was confirmed by staining with an antibody against an
N-terminal epitope tag (FLAG). C: HEK-293 T cells were transiently transfected with plasmids that express TAS1R1, TAS1R3, and a chimeric G protein
composed of Ga

16 containing the last 44 amino acids of Ga
-i3. Cell cultures were injected with a solution of either 5 mmol L-glutamate (L-Glu)/L and 1 mmol

inosine 5#-monophosphate (IMP)/L or 5 mmol D-glutamate (D-Glu)/L and 1 mmol IMP/L. Data are represented as an average maximal fluorescence increase
(n = 4; bars represent mean 6 SEM). Only solutions containing L-glutamate induced calcium mobilization.
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argument that this receptor contributes to human umami taste
perception. We expressed the native human TAS1R1-TAS1R3
proteins together with a Ga protein in HEK-293 T cells and
showed that this receptor enabled the cells to respond specifi-
cally to L-glutamate in mixture with IMP but not to D-glutamate
in mixture with IMP. This observation together with our findings
that sequence variants in TAS1R3 correlate with umami taste
perception from MPG support the hypothesis that a TAS1R1-
TAS1R3 heteromer contributes directly to the detection and
perception of umami taste from L-glutamate. (Other articles in
this supplement to the Journal include references 55–83.)
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