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a b s t r a c t

The family C G protein-coupled receptor (GPCR) T1R2 and T1R3 heterodimer functions as a broadly acting
sweet taste receptor. Perception of sweet taste is a species-dependent physiological process. It has been
widely reported that New World monkeys and rodents are not able to perceive some of the artificial
sweeteners and sweet-tasting proteins that can be perceived by humans, apes, and Old World monkeys.
Until now, only the sweet receptors of humans, mice and rats have been functionally characterized. Here
we report characterization of the sweet taste receptor (T1R2/T1R3) from a species of New World primate,
squirrel monkey. Our results show that the heterodimeric receptor of squirrel monkey does not respond
to artificial sweeteners aspartame, neotame, cyclamate, saccharin and sweet-tasting protein monellin,
but surprisingly, it does respond to thaumatin at high concentrations (>18 lM). This is the first report
demonstrating that species of New World monkey can perceive some specific sweet-tasting proteins. Fur-
thermore, the sweet receptor of squirrel monkey responses to the such sweeteners cannot be inhibited by
the sweet inhibitor lactisole. We compared the response differences of the squirrel monkey and human
receptors and found that the residues in T1R2 determine species-dependent sweet taste toward saccha-
rin, while the residues in either T1R2 or T1R3 are responsible for the sweet taste difference between
humans and squirrel monkeys toward monellin. Molecular models indicated that electrostatic properties
of the receptors probably mediate the species-dependent response to sweet-tasting proteins.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The taste qualities for humans and other mammals can be cat-
egorized as sweet, bitter, sour, salty and umami [1]. The heterodi-
mer of T1R2 and T1R3 was identified as a broadly acting sweet
taste receptor. In addition to sucrose, the human T1R2/T1R3 recep-
tor responds to all other sweet-taste stimuli tested: natural sugars,
sweet amino acids, sweet-tasting proteins, and artificial sweeten-
ers [2–5]. Previous molecular biology experiments using sweet
taste receptor chimeras and mutants and molecular modeling
studies showed that there are at least five potential binding sites
of the sweeteners in the heterodimeric receptor [6–16]. Receptor
activity induced by the artificial sweeteners aspartame and neo-
tame implicate residues in the Venus Flytrap Module (VFTM) of
human T1R2 [6,10,15,16], while natural sugars bind to the VFTMs
of both T1R2 and T1R3 [12]. In contrast, the sweeteners cyclamate
ll rights reserved.
and neohesperidine dihydrochalcone (NHDC) [8,13], and the
sweet-taste inhibitor lactisole acts on the Transmembrane Domain
(TMD) of human T1R3 [9,14], and the sweetener SWT819 acts on
the TMD of human T1R2 [17]. Furthermore, receptor activity to-
ward the sweet protein brazzein depends on the cysteine rich do-
main (CRD) of human T1R3 [7].

Many physiological and molecular biological studies have
shown that some sweeteners, such as the small molecule sweeten-
ers aspartame, neotame and cyclamate, and sweet-tasting proteins
can be perceived by humans, apes and Old World monkeys, but not
by New World monkeys and rodents [18–21]. Thus, an intriguing
question is what the molecular basis of species-dependent sweet
taste toward these sweeteners as well as the activation mechanism
is. In this regard, it is necessary to investigate the properties of
sweet taste receptors from different species. Previously, only the
sweet receptors of humans, mice and rats had been well studied
[6–9,11]. However, the structure and function of sweet taste recep-
tors from New World monkeys, which share nearly 90% sequence
identity with the receptors of humans, have not been well studied.

http://dx.doi.org/10.1016/j.bbrc.2012.09.083
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Recently, we demonstrated the molecular basis of species
-dependence of sweet taste receptor toward artificial sweeteners
aspartame and neotame by using human/squirrel monkey chimera
receptors, mutagenesis and molecular modeling [15]. In this study,
we further characterized the newly cloned sweet taste receptors
from squirrel monkeys (Saimiri sciureus), which belong to the
genus Saimiri of New World monkeys. We used heterologous
expression and calcium mobilization assay to assess the function
of the heteromeric receptors (T1R2 and T1R3) from squirrel mon-
keys (named smT1R2 and smT1R3, respectively). By comparing
the functional properties of the sweet taste receptors with those
of humans and mice and by using human/squirrel monkey chime-
ric T1R2/ T1R3, we demonstrated that the residues in T1R2 deter-
mine species-dependent sweet taste toward saccharin, while the
residues in either T1R2 or T1R3 mediate the sweet taste difference
between humans and squirrel monkeys toward monellin. Molecu-
lar models indicated that electrostatic properties of the receptors
probably mediate the species-dependent response to sweet-tasting
proteins.
2. Materials and methods

2.1. Materials

Aspartame, saccharin, cyclamate, sucrose, D-tryptophan, NHDC,
lactisole, monellin, and thaumatin were obtained from Sigma–
Aldrich. Sucralose was obtained from Splendex. Neotame was
obtained from American Health Foods & Ingredients. Stevioside
was obtained from Nusci Institute & Corp. Unless noted, the con-
centration of the compounds used were: aspartame (2.5 mM), neo-
tame (0.25 mM), saccharin (1 mM), cyclamate (10 mM), sucrose
(150 mM), sucralose (1 mM), D-tryptophan (5 mM), stevioside
(1 mM), neohesperidin dihydrochalcone (0.25 mM), monellin
(37 lM), thaumatin (18 lM), and lactisole (1.25 mM) based on
the previous studies [7,22].

2.2. Constructs and calcium mobilization functional assay

The coding nucleotide acid sequence and deduced amino acid
sequence of squirrel monkey T1R2 and T1R3 were as described
previously [23,24]. To generate the smT1R2 expression construct,
BamHI and NotI sites were introduced at the 50 and 30 ends of
the full-length coding sequence, respectively, double digested,
and then ligated into the expression vector pcDNA3.1. To obtain
the smT1R3 construct, the full protein-coding region of smT1R3
was synthesized from the GenScript Biology CRO. An EcoRI site
was then introduced at the 50 end before the start codon, and a NotI
Fig. 1. Schematic representation of the heterodimer of smT1R2 and smT1R3 receptor. T
site was introduced at the 30 end after the stop codon. The smT1R3
gene was double restriction digested with EcoRI and NotI and then
ligated into the expression vector pcDNA3.1. Human T1R2 (hT1R2)
and T1R3 (hT1R3) expression constructs were generated in
pcDNA3.1 vectors. The Ga16-gust44 clone was as described previ-
ously [25]. All the constructs were confirmed by DNA sequencing.
Calcium mobilization functional assay was as described previously
[15].

2.3. Molecular modeling

We constructed homology models of the VFTM-CRD of T1Rs
from the human and squirrel monkey based on metabotropic glu-
tamate receptor (mGluR) crystal structure templates using the
MODELLER program [26]. The mGluR is the only family C GPCR
with crystal structures of the VFTM-CRD available, which shares
�26% sequence identity with the VFTM-CRD of human T1Rs [27].
The sequence alignment between the template and the models
was generated by the ClustalW program. We generated 40 homol-
ogy models for each species based on the glutamate/gadolinium
bound form (closed–closed/A, PDB: 1ISR) of the mGluRI-VFTM
[28], and glutamate bound form (closed-closed/R, PDB: 2E4U) of
the mGluRII-VFTM-CRD crystal structures [29]. The models were
evaluated by the Verify 3D server to identify regions of improper
folding. After further manual modifications (merging of fragments
with best scoring models and minimizing energy by using SYBYL
graphic software package (Tripos Inc.)), the models with the best
Verify 3D scores were selected. The stereochemical quality of the
models was evaluated by PROCHECK program [30], which showed
reasonable / and w distributions in the Ramachandran plot. All
these assessments indicated that the model structures are
reasonable.
3. Results

3.1. Sequence analysis of the squirrel monkey sweet taste receptors

It is well known that the sweet taste receptor is a heterodimer
of T1R2 and T1R3 (Fig. 1) [2]. The squirrel monkey (S. sciureus)
T1R2 gene consists of a 2520 bp coding sequence and encodes an
839 amino acid protein (Genbank accession no: A3QP08), while
the T1R3 gene consists of 2559 bp and encodes an 852 amino acid
protein (ABD14701). Although sequence identity between these
two monomers is low (30%), smT1R2 has high overall identity
(blastp, NCBI) with the sweet taste receptors from primates
Callithrix pygmaea (A3QP09, 93%), Papio hamadryas (A3QP07,
89%), Macaca mulatta (A3QP01, 89%) and Pongo pygmaeus
he VFTM-CRD of smT1R2/smT1R3 homology model is represented as newcartoon.



Fig. 2. Human and squirrel monkey T1R2/T1R3 selectively respond to sweet taste stimuli with/without lactisole present. (A) The responses of the cells to HBSSH (buffer
solution), thaumatin, sucrose, sucralose, D-tryptophan, stevioside, and NHDC were assayed by calcium mobilization. (B) Same as (A) with lactisole (1.25 mM) present. (C) The
responses of the cells to HBSSH, aspartame, neotame, saccharin, cyclamate and monellin. (D) Same as (C) with lactisole (1.25 mM) present. F is the base-line level of
fluorescence, and DF is the change in fluorescence from the base-line level (peak-base line). Data are expressed as the mean ± S.E. of the DF/F values from three independent
experiments. Lactisole reduced the overall responses of the receptors. For comparison, the signals in panels (B) and (D) were amplified by a factor of 1.31 based on the
smT1R2/smT1R3 response to sucralose with (39.6%) and without (52%) lactisole present. The asterisks indicate significant differences tested by unpaired Student’s test
(⁄p < 0.05; ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001) compared with the receptor responses without lactisole.

B. Liu et al. / Biochemical and Biophysical Research Communications 427 (2012) 431–437 433



434 B. Liu et al. / Biochemical and Biophysical Research Communications 427 (2012) 431–437
(A3QP01, 89%). Notably, it shows 88% and 69% sequence identity to
T1R2s of humans (Q8TE23) and mice (Q925I4), respectively. For
the squirrel monkey (S. sciureus) T1R3, the high sequence identity
T1R3 genes are from Pan troglodytes (Q717C2, 85%), Pongo pygma-
eus (ABD14700, 84%) and Gorilla gorilla (AAQ11897, 84%), with 84%
and 72% identity to humans (Q7RTX0) and mice (Q925D8), respec-
tively. The sequence alignments of squirrel monkey T1R2 and T1R3
with human and mouse receptors were provided in the Supple-
mentary data (Fig. S1). Conserved domains prediction (NCBI,
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) showed
that squirrel monkey T1R2 and T1R3 receptors appear to have a
large ligand binding domain (VFTM) followed by a CRD and a
TMD and an intracellular region, suggesting that the squirrel mon-
key sweet taste receptor shares a similar tertiary structural
arrangement and ligand-receptor interaction mechanism with
the receptors from other mammalian species, such as, humans
and rodents.
3.2. Functional properties of the squirrel monkey sweet taste receptors

To characterize the newly cloned T1R2/T1R3 of the squirrel
monkey, we examined the responses of HEK293E cells heterolo-
gously expressing smT1R2 and smT1R3 receptors, and Ga16-gust44
to a group of structurally diverse sweeteners: aspartame, neotame,
saccharin, cyclamate, sucrose, sucralose, D-tryptophan, stevioside,
NHDC, and sweet-tasting proteins monellin and thaumatin. Com-
pared with the hT1R2/hT1R3 receptor, which showed strong re-
sponses to all of the sweeteners and sweet-tasting proteins
tested, the smT1R2/smT1R3 receptor responded to most of these
sweeteners except aspartame, neotame, cyclamate, saccharin,
and monellin (Fig. 2A and C). These results are consistent with re-
ported behavior test responses, which indicate that squirrel mon-
key cannot perceive aspartame, neotame, and sweet-tasting
proteins as sweeteners [20,24,31]. In contrast to human and mouse
sweet taste receptors, squirrel monkey receptor does not respond
to saccharin. Interestingly, the sweet receptor of squirrel monkey
is able to respond to the sweet-tasting protein thaumatin but not
to monellin.
Fig. 3. Dose-response of human, squirrel monkey, and chimeric sweet taste
receptors toward sweet proteins thaumatin (A) and monellin (B). The calcium
response signals were normalized to the maximum response of hT1R2/hT1R3
receptor to thaumatin (45 lM) and monellin (92.5 lM) respectively. Data were
fitted with sigmoid dose-response curves using Graphpad Prism software. Values
represent the mean ± S.E. of three independent experiments.
3.3. Either T1R2 or T1R3 of squirrel monkey determines species-
dependent sweet taste

To determine which T1R component is responsible for the spe-
cies-dependent sweet taste in the squirrel monkey, we also exam-
ined the responses of human (hT1R2/hT1R3), and human + squirrel
monkey chimeric receptors to the same group of sweeteners and
sweet-tasting proteins. The hT1R2/smT1R3 chimeric receptor
showed responses to most of the sweeteners except cyclamate.
In contrast, the smT1R2/hT1R3 chimeric receptor showed no re-
sponses to aspartame, neotame and saccharin (Fig. 2A and C).

These results indicate that some residues in the hT1R2, which
are not present in the smT1R2, are required for the receptor’s re-
sponses to aspartame, neotame and saccharin. On the other hand,
human residues in the hT1R3 are required for the receptor’s re-
sponse to cyclamate. The results are consistent with the previous
report that the potential binding site of the sweet receptor for
aspartame is located in the extracellular VFTM of hT1R2
[10,11,15] and for cyclamate is located in the TMD of hT1R3 [8].
Electrophysiological and behavioral experiments on the perception
of sweet taste showed that common marmosets and New World
squirrel monkeys do not respond to saccharin [20,32]. Our results
show that the smT1R2/smT1R3 receptor does not respond to sac-
charin, whereas the hT1R2/smT1R3 receptor does, which indicate
the potential binding site of the receptor for saccharin is located
in the hT1R2 subunit.
Previous studies showed that the extracellular domain of hT1R2
is required for the responses to monellin. However, the role of
hT1R3 could not be evaluated based on the human and mouse
T1R2/T1R3 chimeric experiments since the mT1R2 (mouse T1R2)
/hT1R3 chimeric receptors were not functional [7]. Our present
study shows that both hT1R2/smT1R3 and smT1R2/hT1R3 chime-
ric receptors respond to several sweeteners: sucrose, sucralose, D-
tryptophan, stevioside and NHDC (Fig. 2A). Interestingly, both
hT1R2/smT1R3 and smT1R2/hT1R3 chimeric receptors are able to
respond to monellin, while the smT1R2/smT1R3 cannot, indicate
that specific residues in either the hT1R2 or the hT1R3, which
are not in the smT1R2/T1R3, are required for the response to
monellin.
3.4. Sweet responses of smT1R2/T1R3 cannot be inhibited by lactisole

Lactisole is a human specific sweet taste inhibitor, which inhib-
its the sweet taste of sugars, artificial sweeteners, and sweet-
tasting proteins in humans and Old World monkeys but not in
rodents [9,14]. We tested lactisole’s inhibitory effect on the sweet
taste receptors of squirrel monkeys. The results show that lactisole
is not able to inhibit the responses of squirrel monkeys T1R2/T1R3
to the sweeteners and sweet-tasting proteins tested (Fig. 2B and
D), which is similar to the previous findings for the T1R2/T1R3 of
mice [9]. We also tested the lactisole inhibitory effect on the hu-
man and squirrel monkey T1R2/T1R3 chimeric receptors,
smT1R2/hT1R3 and hT1R2/smT1R3. Lactisole inhibits sweet re-
sponses of smT1R2/hT1R3 but not of hT1R2/smT1R3 to the sweet-
eners and sweet-tasting proteins that we tested. These results are

http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi


Fig. 4. Electrostatic properties of sweet-tasting proteins and human/squirrel monkey T1R2 and T1R3. (A) Electrostatic potentials contour maps represent isopotential surfaces
of sweet-tasting proteins with ±2 kT/e for positive (blue) and negative (red) potentials, respectively. Critical residues of the proteins for their sweetness are labeled. (B)
Electrostatic potentials for the VFTM-CRDs of human (a and b) and squirrel monkey (c and d). The contour maps (a and c) represent isopotential surfaces of the receptors with
±4 kT/e for positive (blue) and negative (red) potentials, respectively. The receptors are represented as molecular surfaces color coded by electrostatic potential (±10 kT/e).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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consistent with the previous findings, which showed that human
specific residue A733 (Fig. S1) in the TMD of T1R3 is responsible
for lactisole inhibitory sensitivity [9,14].
3.5. SmT1R2/T1R3 responds to sweet-tasting protein thaumatin but
not to monellin

Fig. 2A and C shows that the sweet taste receptor of the squirrel
monkey responds to thaumatin but not to monellin. To further
investigate the activity of sweet taste receptors from different spe-
cies, we examined dose-dependent responses of the receptors to
sweet-tasting proteins monellin and thaumatin. For comparison,
we also included wild type receptors hT1R2/hT1R3 and smT1R2/
smT1R3, as well as chimeric receptors hT1R2/smT1R3 and
smT1R2/hT1R3. The concentrations of sweet-tasting proteins:
monellin ranged from 1.85 lM to 92.5 lM; thaumatin ranged from
0.9 lM to 45 lM. We can see that at lower concentrations of thau-
matin (<0.9 lM) all the sweet receptors do not respond to the pro-
tein (Fig. 3A). However, as the concentration of thaumatin
increases, hT1R2/hT1R3 is the first one to respond to this protein
(2.25 lM). As the concentration of thaumatin increases beyond
18 lM, smT1R2/smT1R3 also starts to respond to thaumatin. The
order of the efficacy of these receptors’ responses toward
thaumatin is hT1R2/hT1R3 > hT1R2/smT1R3 > smT1R2/smT1R3 >
smT1R2/hT1R3. However, smT1R2/smT1R3 receptor does not
respond to monellin even at high concentrations. Interestingly,
both hT1R2/smT1R3 and smT1R2/hT1R3 chimeric receptors do
respond to monellin. The dose dependent curve of the responses
clearly showed that hT1R2/hT1R3 exhibited the highest response,
while smT1R2/hT1R3 showed a stronger response than hT1R2/
smT1R3 toward monellin (Fig. 3B). These results indicate that the
residues of T1R2/T1R3, which are required to respond to thauma-
tin, are probably conserved among different species, such as hu-
mans and squirrel monkeys, while the differences among T1R2/
T1R3 across these species mediate the sensitivity of responses to
thaumatin. Our results also indicate that some specific residues
on either hT1R2 or hT1R3, which are not on smT1Rs, are required
for the sweet taste receptor to respond to monellin.
3.6. Electrostatic potentials probably mediate the species dependent
responses to sweet-tasting proteins

The critical residues for sweetness of sweet-tasting proteins,
such as brazzein, monellin, thaumatin and lysozyme, are usually
positively charged. For example, site-directed mutagenesis on
monellin suggested that the charged residues D7, K36, R39, K43,
R72 and R88 are critical for tasting the sweetness of monellin
[33]. Similarly, positively charged residues K49, K67, K106, K163,
R76, R79 and R82 are critical for tasting the sweetness of thauma-
tin [34]. Fig. 4A shows the electrostatic properties of sweet-tasting
monellin and thaumatin. Interestingly, these critical residues are
placed on one side of the proteins, which could form interactive
binding surfaces with sweet receptors.

To investigate the electrostatic property of (h/sm)T1R2/T1R3,
we constructed homology models of the extracellular region of
hT1R2/hT1R3 and smT1R2/smT1R3 (closed and active states)
based on mGluRs crystal structure templates [29,35]. We calcu-
lated the electrostatic potentials for these homology models using
GRASP software [36] as shown in Fig. 4B. We can see that the elec-
trostatic potential profile for each receptor is different. Human
hT1R2/hT1R3 receptor has 22 negative charges, compared to 14
in the smT1R2/smT1R3 receptor. Interestingly, the main differ-
ences between the electrostatic potentials are located on the CRD
regions, which were previously found as potential binding sites
of hT1R2/hT1R3 for brazzein [7]. The electrostatic property of the
h/smT1R2/T1R3 could affect the association and interaction be-
tween sweet-tasting proteins and the receptors.
4. Discussion

In this study, we characterized the T1R2 and T1R3 sweet taste
receptors from a species of New World squirrel monkeys. The
sweet taste receptor of the squirrel monkey does not respond to
the artificial sweeteners: aspartame, neotame, cyclamate, saccha-
rin, and sweet-tasting protein monellin, but it does respond to
thaumatin at high concentrations. Lactisole cannot inhibit the
squirrel monkey sweet taste receptor’s responses. Using human
and squirrel monkey chimeric receptors, we found that the resi-
dues in T1R2 determine species-dependent sweet taste toward
saccharin, while the residues in either T1R2 or T1R3 determine
the sweet taste difference between the human and squirrel mon-
key toward monellin. To our knowledge, this is the first character-
ized sweet taste receptor of New World monkey species in a
heterologous expression system. Previously, the role of hT1R3 to-
ward sweet-tasting proteins could not be evaluated based on the
human and mouse T1R2/T1R3 chimeric experiments since the
mT1R2 / hT1R3 chimeric receptor was not functional [7]. Our func-
tionally expressed smT1R2/ hT1R3 receptor assay overcomes this
hindrance, which could be a useful tool to map the binding sites
of sweet taste receptors in future studies, for example, the binding
site in the receptor for saccharin.

Many physiological and molecular biology studies have indi-
cated that sweet-tasting proteins can be perceived by humans,
apes and Old World monkeys, but not by New World monkeys
and rodents [18–20,24]. Interestingly, our data shows that sweet
taste receptor from New World squirrel monkey responds to the
sweet-tasting protein, thaumatin but do not respond to monellin.
However, the efficacy of the sweet response of squirrel monkey
receptor is lower than that of human receptor toward thaumatin.
Although no physiological evidence suggests that New World mon-
keys or rodents are able to perceive thaumatin at relatively low
concentrations, a high concentration of thaumatin (0.2%, 90 lM)
was able to increase the chorda tympani nerve activity in a rat
[37]. In addition, a study showed that the perceived sucrose sweet-
ness in the rat was able to be enhanced by thaumatin at the con-
centration of 0.02% (9 lM) [38]. These results suggest that
thaumatin may interact with the sweet taste receptor in rats using
a different binding site from sucrose. Our molecular modeling re-
sults and comparison of human and squirrel monkey T1R2/T1R3
suggest that electrostatic force could be important for the associa-
tion and interaction between the sweet-tasting protein and sweet
taste receptor. The characterized squirrel monkey heterodimeric
sweet receptors T1R2 and T1R3 in the present study provide us a
valuable platform for further investigation of the molecular mech-
anism sweet taste receptor activation by sweeteners and sweet
proteins.
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