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Abstract The human sweet taste receptor is a TAS1R2/
TASIR3 heterodimer. To investigate the correlation
between the in vitro affinity of sweeteners with stably
expressed human sweet taste receptor in HEK-293 cells
and human sensory evaluation, the receptor-ligand activity
of bulk (sucrose, D-fructose, and allulose) and high-in-
tensity sweeteners (saccharin, rebaudioside A, rebaudioside
M, and neohesperidin dihydrochalcone) was compared by
analyzing the Ca”" release. The relative potency of the
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sweeteners was identified over a wide concentration range
for ECs0s. Relative to sucrose, bulk sweeteners showed
similar concentration ranges and potency, whereas high-
intensity sweeteners exhibited lower concentration ranges
and higher potency. The log of the calculated ECs, of each
sweetener relative to sucrose by the in vitro affinity assay
was positively correlated (r = 0.9943) with the molar rel-
ative sweetness reported in the previous literatures. These
results suggested a good correlation between the in vitro
activity assay of sweeteners and human sensory evaluation.

Keywords Sweet taste receptor - Sensory evaluation - In
vitro activity assay - Sweetener - Correlation

Introduction

Mammals can distinguish five basic tastes (bitter, umami,
sour, salty, and sweet), which provide sensory information
for evaluating taste of food (Adler et al., 2000). Taste
receptor cells are distributed across different papillae of the
tongue and palate epithelium. These cells are responsible
for taste sensing (Chandrashekar et al., 2006). Among the
five tastes, the detection of bitter, umami, and sweet taste is
mediated by interactions between various ligands and
specific types of G-protein-coupled receptors (GPCRs)
belonging to the superfamily of transmembrane-bound
receptors (Lagerstrom and Schioth, 2008).

Sweet taste sensing is mediated by heterodimeric
GPCRs, TASIR2 and TASIR3 subunits, confirmed
through a cell-based form comprising TASIR2 and
TAS1R3 (Li et al., 2002b; Nelson et al., 2001; Xu et al.,
2004; Zhao et al., 2003). Sweet-tasting compounds,
including natural and artificial sweeteners, amino acids,
and even sweet proteins, elicit sweetness by binding to a
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specific binding site on the TASIR2/TASI1R3 hetero-
dimeric sweet taste receptor (DuBois, 2016; Fernstrom
et al., 2012). Binding of the ligand to the GPCR induces a
conformational change in the sweet taste receptor from its
inactive state to its active state which causes the separation
of G, subunit from Gg, and each G, and Gy, interact with
other intracellular processes to continue the signal trans-
duction cascade (Li et al., 2002a). The GPCR signaling
pathways activate a phosphoinositide pathway that elevates
cytoplasmic Ca”*™ and depolarizes the membrane via a
cation channel, TRPMS5 (Chaudhari and Roper, 2010).

Sweeteners are categorized into bulk sweeteners and
high-intensity sweeteners depending on the degree of
sweetness. Bulk sweeteners are generally carbohydrates
that supply energy (calories) and are consumed in com-
parable amounts to sugar because of their similar sweetness
to sugar. In contrast, high-intensity sweeteners have
sweetness but almost zero calories, and so are consumed in
low quantities because of their high sweetness intensity
compared with sugar (Yebra-Biurrun, 2013). Bulk sweet-
eners include the monosaccharides, such as allulose, ery-
thritol, fructose, glucose, mannitol, sorbitol, and xylitol and
disaccharides, such as isomalt, lactitol, maltitol, and
sucrose. High-intensity sweeteners include acesulfame K,
aspartame, cyclamate, neotame, sucralose, saccharin,
rebaudioside A (Reb A), rebaudioside M (Reb M), thau-
matin, and neohesperidin dihydrochalcone (NHDC).
Monosaccharides and disaccharides are mostly caloric
sweeteners, whereas sugar alcohols or polyols among bulk
sweeteners are low calorie sweeteners which are incom-
pletely absorbed in the intestine by passive diffusion.
Moreover, generally available high-intensity sweeteners or
their metabolites are quickly absorbed into the gastroin-
testinal tract and are excreted (Yebra-Biurrun, 2013).

Sensory evaluation analysis is the easiest way to analyze
the quality of taste and sweetness in developing new sweet-
tasting molecules low in calories. In addition to the
extensive time and cost required in sensory training and
evaluation, each individual’s diverse preference and sen-
sitivity levels increase the subjectivity of the evaluation
and cause sensory fatigue problems during the sensory
evaluation (Njoman et al., 2017). The availability of
in vitro activity assays with cloned sweet receptors is a
useful alternative to reduce these various limitations of
sensory evaluation. For example, a high throughput
screening assay was developed for the human sweet taste
receptor to correlate the in vitro receptor activity and
human sensory taste tests (Li and Servant, 2008).

The objective of this study is to analyze the sweet taste
receptor activity in response to a variety of sweeteners and
investigate the correlation between in vitro activity of the
cloned human sweet taste receptor with human sensory
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evaluation in the context of bulk (mono-, and di-saccha-
ride) and high-intensity sweeteners.

Materials and methods
Reagents

Sucrose, D-fructose, and saccharin were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Allulose, Reb A,
and Reb M were kindly gifted by CJ Cheiljedang Corp.,
Korea. NHDC was kindly gifted by Dr. Manthey from U.S.
Horticultural Research Lab. All sweeteners were kept in an
auto-desiccator (Sanpla Dry Keeper, Sanplatec Corp.,
Osaka, Japan). Sucrose, D-fructose, allulose, and saccharin
were solubilized at a range of concentrations in Hank’s
Balance Salt Solution (HBSS; Gibco, Paisley, Scotland,
UK) supplemented with 20 mM HEPES. Reb A, Reb M,
and NHDC were solubilized at a range of concentrations in
5% ethanol.

Cell culture

The human embryonic kidney-293 (HEK-293) cell line was
purchased from the American Type Culture Collection
(ATCC, Rockville, MD, USA). HEK-293 cells were cul-
tured in low-glucose Dulbecco’s Modified Eagle’s Medium
(DMEM, Welgene, Daegu, Korea) supplemented with 10%
fetal bovine serum (FBS, Hyclone, Logan, UT, USA), 1%
penicillin (100 U/mL), and 100 pg/mL streptomycin (In-
vitrogen, Carlsbad, CA, USA). Cells were maintained in an
incubator at 37 °C with 5% CO,.

Construction of HEK-293 cells expressing TAS1R2
and TAS1R3 and transfection to HEK-293 cells

Recombinant plasmid constructs, pPCMV6-Entry containing
TASIR3 and pCMV6-Entry containing TASIR2 fused
with green fluorescent protein (GFP) and Gal5 gustducin,
were constructed and kindly gifted by Dr. Tai Hyun Park,
Seoul National University, Korea. HEK-293 cells were
transfected with pCMV6-Entry containing TAS1R3 using
Lipofectamine™ 3000 (Invitrogen) according to the
manufacturer’s protocols. After 48 h, cells were transferred
to medium containing 1 mg/mL G-418 (Gibco) for selec-
tion. After 1 month, G-418 resistant cell colonies were
separately picked up and cultured, then used for measuring
the intracellular calcium influx to sweeteners. The
expression of hTASIR3 in the cell membrane was con-
firmed by Western blot analysis. The HEK-293 cell line
stably expressing TASIR3 was transfected with pCMV6-
Entry containing TAS1R2 fused with GFP using Lipofec-
tamine™ 3000 (Invitrogen). After transfection for 48 h,
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the expression of hTASIR2-GFP was confirmed by mon-
itoring the green fluorescence under a fluorescence
microscope (Nikon Instruments Co., Ltd., Tokyo, Japan).

Western blot assay

All samples were isolated using buffer A [150 mM NaCl
(Samchun, Seoul, Korea), 50 mM HEPES (Biosesang,
Gyeonggi, Korea) (pH 7.4), 25 pg/mL digitonin (Sigma-
Aldrich), 1 M hexylene glycol (Sigma-Aldrich), and 1%
(v/v) protease inhibitor cocktail (Sigma-Aldrich)] and
buffer B [150 mM NaCl (Samchun), 50 mM HEPES
(Biosesang, Gyeonggi, Korea) (pH 7.4), 1% (v/v) Igepal
(Sigma-Aldrich), 1 M hexylene glycol (Sigma-Aldrich),
and 1% (v/v) protease inhibitor cocktail (Sigma-Aldrich)]
to extract cytoplasmic and membrane fractions, respec-
tively (Baghirova et al.,, 2015). Equal amount of each
fraction was separated in 6% sodium dodecyl sulfate (SDS)
polyacrylamide gels. Following electrophoresis, separated
proteins were transferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore, Billerica, MA, USA), and
blocked with 5% skim milk in Tris-buffered saline/Tween
20 (TBS-T). The blocked membranes were incubated with
primary antibodies recognizing a TAS1R3 (Abcam, Cam-
bridge, MA, USA) and o-tubulin (Sigma-Aldrich) at 4 °C
overnight. The membranes were washed several times with
TBS-T, followed by the addition of anti-rabbit or anti-
mouse secondary antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). After 1 h, an enhanced chemilu-
minescence (ECL) solution (Visualprotein, Taipei, Taiwan)
detection system was used to visualize bound antibodies.

Calcium mobilization assay

For calcium signaling analysis, HEK-293 cells stably
expressing TAS1R3 were seeded at 50,000 cells/well into
96-well, clear-bottomed black plates (Corning, Inc.,
Corning, NY, USA) coated with poly-D-lysine (Sigma-
Aldrich). The cells were co-transfected with TAS1R2 and
Gal5 gustducin using Lipofectamine™ 3000 (Invitrogen).
After 24 h, the medium was replaced with fresh medium,
and the co-transfected cells were recovered. After an
additional 24 h, the cells were assayed using the Fura-2
QBT fluorescence-based-calcium indicator kit (Fura-2
QBTTM Calcium Kit, Molecular Devices, Sunnyvale, CA,
USA) according to detect calcium mobilization. Activation
of sweet taste receptors in the cells was detected by mea-
suring the ratio of the fluorescent intensities immediately
after applying various sweet taste receptor agonists. The
signals were measured using a Flex Station III fluorescence
plate reader (Molecular Devices) at 510 nm, following
excitation at 340 nm for the Ca>*-bound Fura-2 dye, and

380 nm for unbound Ca’", respectively (AF340 nm/F380 nm
ratio, abbreviated to AF/F)).

Calculation formulas

The relative sweetness (RS) value is transformed into
molar relative sweetness (MRS), because the effects of the
potency of each compound at the molecular level can be
related to the receptor-ligand binding affinity (Bassoli
et al., 2008). Hence, to compare the correlation between the
in vitro assay for sweet taste activity and human sensory
evaluation, the RS of each compound was recalculated on a
molar basis by the formula: MRS = RS x [molecular
weight (compound)/molecular weight (sucrose)] (Bassoli
et al., 2008). The relative potency of each compounds to
sucrose ~ was calculated as  follows: Relative
potency = ECs in affinity assay (sucrose)/ECsq in affinity
assay (compound) (Li and Servant, 2008).

Statistical analysis

All experimental results were expressed as the mean £
S.E. of the AF/F value of three independent experiments.
Data were analyzed by using GraphPad Prism 8 (GraphPad
Software, San Diego, CA, USA). Eight different concen-
trations of the sweet ligands were analyzed to construct the
dose-dependent curve. Activities were normalized to the
response baseline fluorescence level of each compound.
ECso values were determined by a nonlinear regression
algorithm. Pearson’s correlation coefficient (r) was deter-
mined between the mean MRS and relative potency (ECs)
in the assay of sucrose.

Results and discussion
Heterodimeric human sweet taste receptors

The expression of hTASIR3 in the stable HEK-293 cell
line was confirmed from the membrane fractions of
TAS1R3-stable cells by Western blot analysis (Fig. 1A).
After constructing the stable cell line expressing hTAS1R3,
the TASIR3 stable cells were transiently transfected with
the hTAS1R2 gene fused with GFP to induce the hetero-
dimer of hTASIR2 and hTASIR3. We confirmed the
expression of hTASIR2 in the TASIR3 stable cells by
fluorescence microscopy (Fig. 1B). Green fluorescence
was observed from the TAS1R3-stable cell line transfected
with hTAS1R2-GFP. These results indicate that the human
sweet taste receptor composed of hTAS1R2 and hTAS1R3
was successfully co-expressed in HEK-293 cells.
G-protein subunit Gol5 gustducin is expressed with
TAS1R2 and TASI1R3, as the key components of the
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Fig. 1 Heterodimeric human
sweet taste receptors.

(A) Expressed hTAS1R3 was
detected using Western blot in
HEK-293 cells expressing
TAS1R3. o-Tubulin served as
the loading control.

(B) Fluorescence image of GFP-
tagged hTAS1R2 co-expressed
in HEK-293 cells stably
expressing TASIR3. (C) Ca®*
signaling analysis in HEK-293
cells expressing TAS1R2/
TAS1R3/Gal5 gustducin after
adding 20 mM sucrose. EV,
empty vector control

(A)

TAS1R3

TAS1R3

a-tubulin

Relative Fluorescence Unit

sweet-taste transduction cascade (Nelson et al., 2001; Xu
et al., 2004). To investigate whether these taste receptors
were functional, Ca®* influx was measured in HEK-293
cells expressing the human sweet taste receptor by the
Fura-2 calcium indicator dye assay after injection of
sucrose (Fig. 1C). Addition of sucrose (20 mM) to
TAS1R2, TASIR3, and Gal5 gustducin expressing cells
induced an immediate increase in AF/F. In previous stud-
ies, neither HEK293-Gal5 cells, which did not express the
human taste receptors, nor monomeric receptor expressing
cells exhibited any functional response to various sweet-
eners in the calcium signal analysis. Co-transfection of
TAS1R2, TAS1R3, and Gal5 gustducin is required for
agonist-selective, receptor-specific interaction of the sweet
taste receptors, as each subunit alone does not show
functional activity (Ahn et al., 2016; Bassoli et al., 2008).
Ahn et al. (2016) constructed a duplex bioelectronic tongue
functionalized with heterodimeric human umami taste
(TAS1R1/TASIR3) and sweet taste receptor (TAS1R2/
TAS1R3) nanovesicles (Ahn et al., 2016). In the present
study, it was confirmed that HEK-293 cells did not exhibit
sweet taste receptor activity in response to 20 mM sucrose
when only one subunit (TAS1R2, TASIR3, or Gul5
gustducin) was transfected individually (data not shown).
These results indicated that this calcium mobilization was
not due to the background and the human sweet taste
receptor by co-expression of TASIR2, TASIR3, and Gal5
gustducin was an efficient model in response to binding of
sucrose.
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Dose-dependent analysis of various concentrations
of sweeteners interacting with the human sweet taste
receptor

HEK-293 cells expressing the human sweet taste receptor
were stimulated with increasing concentrations of various
sweet ligands (Fig. 2). Sweet taste sensitivity was nor-
malized to the response of sweeteners between 0 and 100%
concentration. The percentage of normalized response
increased as the concentration of the sweetener increased
and was saturated at a high concentration of each sweet-
ener. Consistent with a previous study (Yebra-Biurrun,
2013), bulk sweeteners and high-intensity sweeteners dis-
played a similar and much higher degree of sweetness (by
about a few hundred times) than sugar, respectively. The
concentration ranges for the percentage of normalized
response differed considerably between bulk sweeteners
and high-intensity sweeteners. Among the bulk sweeteners,
monosaccharides (D-fructose and allulose) showed similar
concentration ranges for the percentage of normalized
response of sucrose (disaccharide). In comparison, four
high-intensity sweeteners (saccharin, Reb A, Reb M, and
NHDC) had much lower concentration ranges for the
percentage of normalized response of sucrose. This dif-
ference in the degree of sweetness distinguishes bulk
sweeteners from high-intensity sweeteners which was
confirmed through dose-dependent analysis.
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Fig. 2 Dose-dependent analysis of various concentrations of sweet-
eners interacting with the human sweet taste receptor. The percentage
of normalized response of sweeteners was performed at eight different
concentrations with 100 times concentration difference in each range
in HEK-293 cells expressing the human sweet taste receptors. Dose-

Correlation analysis between the potency
of sweeteners relative to sucrose by in vitro affinity
assay and the mean MRS values

The relative potency of sweeteners to sucrose (ECsg) by the
affinity assay and the relative sweetness (RS) to sucrose by
human sensory evaluation from previous studies are sum-
marized in Table 1. The bulk sweeteners (monosaccha-
rides, D-fructose and allulose) were determined as less
potent sweetener (ECsos > 1 mM), displaying a similar
potency of sweetness to sucrose (disaccharide). The high-
intensity sweeteners (saccharin, Reb A, Reb M, and
NHDC) were found to be more potent sweeteners (with
EC50s < 1 mM), showing low potencies relative to sucrose
(disaccharide).

The RS of D-fructose was 1.17 to 1.80, which is higher
than the RS of sucrose, 1.00 (Colonna et al., 2000;
Featherston, 2015; Parker et al., 2010; Tiefenbache, 2017).
The MRS value for D-fructose (relative potency of 0.63)
ranged from 0.62 to 0.95. Allulose had an RS of 0.70,
which is lower than that of sucrose, RS of 1.00 (Chung
et al., 2012; Tiefenbacher, 2017). The MRS value of
allulose (0.37) was close to the relative potency of allulose
relative to sucrose, 0.38.

Saccharin is 200-700 times sweeter than sucrose
(Colonna et al., 2000; Featherstone, 2015; Parker et al.,
2010; Tiefenbacher, 2017; Yebra-Biurrun, 2013). The
MRS value of saccharin ranged from 107.03 to 374.61,
considering the relative potency of saccharin (151.52). Reb
A is 100-300 times sweeter than sucrose (Carakostas et al.,
2008; Goyal et al., 2010; Kemp and Lindley, 2009). The
relative potency of Reb A (1,338.14) was much higher and

[Concentration, M]

dependent response of bulk sweeteners (D-fructose and allulose) and
high-intensity sweeteners (saccharin, Reb A, Reb M, and NHDC) was
confirmed. NHDC, neohesperidin dihydrochalcone; Reb,
rebaudioside

outside the MRS range of Reb A (282.5-847.51). However,
another rebaudioside, Reb M, which is reported to be
200-350 times sweeter than sucrose (Prakash et al., 2014),
showed an MRS range from 754.32 to 1,320.05 and rela-
tive potency of 880.16. Generally, Reb A is the sweetest
analog among steviol glycosides, but it has a high relative
bitter taste (Hellfritsch et al., 2012).

In the human sensory evaluation, the perception of bit-
terness affects the relative recognition of sweetness. Sac-
charin is an agonist for both sweet and bitter receptors, and
cyclamate is an agonist for the sweet receptor only and an
antagonist for the bitter receptor. It is reported that
sweetness is enhanced synergistically when saccharin and
cyclamate are mixed. This increased sweetness recognition
and reduced bitter off-taste are due to inhibition of the
bitter taste receptor activity of cyclamate (Behrens et al.,
2017). Reb M is produced by enzymatic glycosylation of
Reb A, which compensates for the bitterness of Reb A. Reb
M has different types of chemical structure, which may
have other effects on receptor-ligand binding (Spakman,
2015). Conformational change occurs when the TASIR2/
TASIR3 heterodimer and ligand bind together. The
TAS1R2/TAS1R3 heterodimer becomes an active form of
closed—open, through the three-dimensional structure. This
can be predicted by which Reb A is formed closer than the
Reb M about the distance between the center of the lower
VED?2 and the center of VFD3 (Kim et al., 2017).

Compared with sucrose, the RS of NHDC is 350-2,000
times stronger (Horowitz and Gentili, 1963; Kinghorn
et al., 2010; Priya et al., 2011; Surana et al., 2006;
Tiefenbacher, 2017; Yebra-Biurrun, 2013). The relative
potency of NHDC was 1,837.46 which is within its MRS

@ Springer



680

Y. Choi et al.

Table 1 Relative potency of sweeteners to sucrose in affinity assay and relative sweetness to sucrose in human sensory evaluation

Sweeteners ECsg Relative potency® in ~ MRS values® (B) RS References® Log (A) Log (B)
affinity assay relative
to sucrose (A)
Sucrose 26 mM 1.00 1.00 1.00 0.00 0.00
Allulose 68.65 mM 0.38 0.37 0.70 Chung et al. (2012) — 042 —-043
Tiefenbacher (2017)
D-fructose 4122 mM 0.63 0.62 ~ 0.95 1.17 ~ 1.80  Colonna et al. (2000) - 020 —0.11
Featherstone (2015)
Parker et al. (2010)
Tiefenbacher (2017)
Saccharin 171.6 uM  151.52 107.03 ~ 374.61 200 ~ 700  Colonna et al. (2000) 2.18 2.38
Featherstone (2015)
Parker et al. (2010)
Tiefenbacher (2017)
Yebra-Biurrun (2013)
Rebaudioside A 1943 uM  1,338.14 282.5 ~ 847.51 100 ~ 300 Carakostas et al. (2008) 3.13 2.75
Goyal et al. (2010)
Kemp and Lindley (2009)
Rebaudioside M 29.54 uM  880.16 754.32 ~ 1,320.05 200 ~ 350  Parkash et al. (2014) 2.94 3.02
NHDC 14.15uM  1,837.46 626.37 ~ 3,579.24 350 ~ 2,000 Horowitz and Gentili (1963) 3.26 3.32

Kinghorn et al. (2010)
Priya et al. (2011)
Surana et al. (2006)
Tiefenbacher (2017)
Yebra-Biurrun (2013)

MRS, molar relative sweetness; RS, relative sweetness

“Relative potency = EC50 in affinity assay (sucrose)/EC50 in affinity assay (compound)

°MRS value = RS value (from the literature) x [molecular weight (compound)/molecular weight (sucrose)]

“Reference to RS of sweeteners in human sensory evaluation

range (626.37-3,579.24). These data indicate that the rel-
ative potency in the affinity assay corresponds more with
the MRS than RS. Thus, the MRS, which accounts for the
binding affinity of the ligand at a molecular level, seems to
reflect the efficacy of relative potency measured by the
in vitro affinity assay. Through the in vitro affinity assay,
the ECsy of sweeteners was similar to the sweetness
property of bulk and high-intensity sweeteners, and relative
potency of the sweeteners was confirmed as similar or
within the ranges of the human sensory evaluation obtained
from previous literature. To determine the correlation
between the relative potency by the affinity assay and the
mean MRS values, correlation analysis was performed by
Pearson’s correlation analysis. The log numbers of the
calculated relative potency of sweeteners by the affinity
assay showed a strong and positive correlation (r = 0.9943)
with the mean MRS value (Fig. 3).

Previous research confirmed the correlation between the
sensory evaluation and not only in vitro assay for iso-
vanillic sweeteners (Bassoli et al., 2008) and high intensity
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sweeteners (Li and Servant, 2008), but also human tongue-
like nanovesicle-based bioelectronic tongues (Song et al.,
2014). In the present study, data correlation was shown
between the in vitro activity assay and human sensory
evaluation for high-intensity sweeteners as well as for bulk
sweeteners. The relative potency of sweetness in vitro
affinity assay was correlated well with the MRS by human
sensory evaluation regardless of the intensities of
sweetness.

This study identified the relative potency using ECs, for
bulk and high-intensity sweeteners, which were consistent
with the degree of sweetness of various sweeteners. The
relative potency of the sweeteners to sucrose by the in vitro
affinity assay displayed a good correlation with the calcu-
lated MRS from the previous human sensory evaluation
studies. Currently, the determination of sweetener quality
relies heavily on human sensory tests. However, it is dif-
ficult to explain the bitterness of aftertaste of high con-
centrations of sweeteners and the enhancement of
sweetness with mixed sweeteners in human sensory tests. It
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Fig. 3 Correlation analysis between the potency of sweeteners
relative to sucrose by in vitro affinity assay and the mean MRS values.
Pearson correlation analysis was performed to examine the relation-
ship between the mean MRS values and the log numbers of calculated
potency of sweeteners (sucrose, D-fructose, allulose, saccharin, Reb
A, Reb M, and NHDC) relative to sucrose by the human sweet taste
receptor activity assay. Statistical significance was set at P < 0.05.
MRS, molar relative sweetness; NHDC, neohesperidin dihydrochal-
cone; Reb, rebaudioside

remains to be determined whether the mechanism of taste
receptor-ligand binding activity can be analyzed for off-
taste in mixed sweeteners by an in vitro activity assay with
bitter receptors.
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