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The lle191Val is a partial loss-of-function variant »
of the TAS1R2 sweet-taste receptor and is
associated with reduced glucose excursions in
humans
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ABSTRACT

Objective: Sweet taste receptors (STR) are expressed in the gut and other extra-oral tissues, suggesting that STR-mediated nutrient sensing
may contribute to human physiology beyond taste. A common variant (lle191Val) in the TAS7R2 gene of STR is associated with nutritional and
metabolic outcomes independent of changes in taste perception. It is unclear whether this polymorphism directly alters STR function and how it
may contribute to metabolic regulation.

Methods: We implemented a combination of in vitro biochemical approaches to decipher the effects of TAS7R2 polymorphism on STR function.
Then, as proof-of-concept, we assessed its effects on glucose homeostasis in apparently healthy lean participants.

Results: The lle191Val variant causes a partial loss of function of TAS1R2 through reduced receptor availability in the plasma membrane. Val
minor allele carriers have reduced glucose excursions during an OGTT, mirroring effects previously seen in mice with genetic loss of function of
TAS1R2. These effects were not due to differences in beta-cell function or insulin sensitivity.

Conclusions: Our pilot studies on a common TAS7R2 polymorphism suggest that STR sensory function in peripheral tissues, such as the

intestine, may contribute to the regulation of metabolic control in humans.
© 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION suggesting potential adaptive roles in response to nutrient availability

[6]. Several variants in the TASTR2 gene [7] were shown to alter

Sweet taste receptors (STR) traditionally mediate sweet nutrient
sensing on the tongue. These G-protein coupled receptors (GPCRs) are
also expressed in a variety of other cells, suggesting a broader che-
mosensory function. For instance, STR regulate insulin [1,2] and
incretin [3] secretion in mice and were shown to affect glucose ab-
sorption [4] and the development of diet-induced obesity [5]. There-
fore, STR likely function as sugar sensors to coordinate adaptive
responses to nutrient availability, but whether they contribute to human
physiology and how, beyond taste perception, is still unknown.

STR belong to the T1R family of GPCRs and function as obligate
heterodimers between TAS1R2 and TAS1R3 receptors. Notably, STR
are highly polymorphic, with TAS7R2 being the most diverse,

sweet taste sensitivity or preference. Interestingly, the rs35874116
variant of the TAS7R2, which causes a nonsynonymous substitution
(lle191Val), is associated with sugar and carbohydrate intake [8—10],
BMI [8], fasting insulin [8], and risk of hypertriglyceridemia [10].
Strikingly, these associations cannot be attributed to differences in
taste perception [7], suggesting extra-oral contributions of STR
signaling. The lle191Val substitution resides in the N-terminal
extracellular domain (ECD), which includes the ligand binding domain
(LBD) and dimerization sites [11]. Therefore, we reasoned that the
variant could potentially alter STR function. However, it is impossible
to infer from the reported associations alone whether this is a gain- or
loss-of-function variant of the TAS1R2 receptor. Understanding the
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functional properties of the variant is critical for evaluating the nature
of known links with metabolic variables and formulating appropriate
hypotheses that explore the clinical and physiological significance of
extra-oral STR chemosensing.

2. MATERIALS AND METHODS

2.1. In vitro studies

Assay methods were performed exactly as previously described for a)
functional expression, single-cell calcium imaging and analysis [12], b)
surface or total expression of TAS1R2/TAS1R3 receptors and flow
cytometry analysis [11], and c) fluorescence resonance energy transfer
(FRET) microscopy and fluorescence lifetime imaging microscopy
(FLIM) [13,14]. For details see Supp. Methods.

2.2. Clinical studies

The clinical studies were performed in accordance with the re-
quirements of Good Clinical Practice and the Revised Declaration of
Helsinki. Recruitment, enrollment, and all study-related visits,
including specimen collection and point-of-care laboratory testing,
took place at Advent-Health Translational Research Institute (TRI)
Clinical Research Unit (CRU) as previously described (NCT02835859)
[15]. The study was approved by the Institutional Review Board at
Advent-Health and all participants signed an informed consent.
Mathematical modeling was performed exactly as described for beta-
cell function, insulin sensitivity, and insulin clearance [16]. For details
see Supp. Methods.

2.3. Statistical analysis

All data are represented as mean +/— standard error and plotted with
Prism 9 (GraphPad Software). Calcium responses were analyzed by
linear or 4-parameter logistic regression. All other variables were
analyzed by the two-tailed t-test or paired t-test, as appropriate. All
participants were retrospectively assigned to two groups based on
TAS1R2 genotypes. For clinical data, allele equilibrium, frequency, and
SNP linkage were analyzed by Chi-square using jamovi 1.6 (jamovi
team). Plasma excursions of glucose and related hormones was
analyzed by two-way repeated measures ANOVA using Prism 9
(Graphpad Software). Baseline characteristics and metabolic re-
sponses to the OGTT were analyzed through a general linear model
using jamovi 1.6 (jamovi team). Sex was used as a covariate. Non-
parametric variables were log-transformed prior to analysis.

2.4. Data and resource availability

The datasets generated and/or analyzed during the current study are
available from the corresponding author upon reasonable request. No
applicable resources were generated or analyzed during the current
study.

3. RESULTS AND DISCUSSION

3.1. The TAS1R2-(lle191Val) substitution reduces plasma
membrane (PM) availability of STR

First, we expressed TAS1R2-(lle) or TAS1R2-(Val) with TAS1R3 by
transient transfection in HEK293 cells and monitored single-cell calcium
mobilization in response to STR ligands [12]. In cells that responded to
the stimuli, we found similar dose—response curves for aspartame
(Figure 1A; Aspartame ECsg lle: 0.84 mM vs. Val: 0.90 mM, p = 0.58) or
sucralose (Supp.Figure.1A) between variants, excluding major differ-
ences in ligand binding affinity or signaling. However, we noted that the
percentage of cells responding in the Val variant was significantly lower

(Figure 1B) despite identical transfection efficiencies (368 + 9 vs.
374 + 10 copies/cell, p = 0.68). These findings, along with the small
downward trend at max stimulation (Top, p = 0.03; Figure 1A), may
suggest a mechanism for reduced function of the Val variant.

To shed light on this possibility, we tested whether the lle191Val
substitution structurally alters TAS1R2, as saturation mutagenesis
studies have shown that missense mutations in the LBD of TAS1R2
can alter its surface localization and co-trafficking with TASTR3 [11].
We assessed surface protein expression using flow cytometry of
Expi293F cells co-transfected with c-myc-tagged TAS1R3 and either
FLAG-tagged TAS1R2-(lle) or TAS1R2-(Val) [11]. The TAS1R2-(Val)
variant reduced the fraction of cells presenting TAS1R2 at the cell
surface and also induced a proportional reduction of surface TAS1R3
(Figure 1C). The localization of TAS1R3 at the PM was strictly
dependent on its co-expression with TASTR2 (Supp.Figure 1B, right
bars), confirming previous findings [11,17]. Interestingly, expression of
TAS1R2-(Val) alone, without TAS1R3, also had reduced surface
expression (Supp.Figure 1B, left bars), suggesting an intrinsic mech-
anism that affects TAS1R2 availability. Indeed, using the same assay
with permeabilized cells, we noted that the total cell signal of the
TAS1R2 receptor was also mildly reduced in the Val variant
(Supp.Figure 1C). Thus, the substitution could possibly destabilize
TAS1R2, altering receptor trafficking.

As a result, we evaluated the physical interaction of TASTR2 with
TAS1R3 and the relative distribution of the heterodimer in intracellular
compartments using FRET microscopy [13]. We observed an exponential
decrease in YFP-TAS1R3 fluorescence during photobleaching with a
concomitant increase in Cer-TAS1R2-(lle) fluorescence (Figure 1D). This
is consistent with loss of donor fluorescence quenching, as FRET was
abolished by destruction of the YFP acceptor. Similar FRET was also
observed using the TAS1R2-(Val) variant (Figure 1D). Comparison of the
donor and acceptor fluorescence intensities revealed linear Cer/YFP
relationships for both variants, consistent with a single YFP acceptor in
the TAS1R2/TAS1R3 complex (Supp.Figure.1D). This linear relationship
is compatible with a dimeric TAST1R2/TAS1R3 hetero-oligomer complex
[11]. Next, we performed more precise localization-specific quantifica-
tion of FRET using FLIM [14]. Performing 2-exponent fitting of the
fluorescence lifetime decay, we observed that the TAS1R2-(Val) variant
reduced the number of STR dimer complexes at the PM, but not in the
ER (Figure 1E), suggesting that the TAS1R2-(Val) variant is unlikely to be
trapped in this compartment.

To improve the precision of the fluorescence lifetime analysis, we
performed extended (1 min) single-point acquisition at the PM,
yielding increased photon counts for decay analysis [14]. We found
the percentage of PM-localized receptor dimers decreased for the Val
variant (Figure 1F), consistent with our analysis of FLIM image data
(Figure 1E). In addition, we observed a longer dimer fluorescence
lifetime for the TAS1R2-(Val)/TAS1R3 dimers (Figure 1G), indicative of
weaker interaction between the TAS1R2 and TAS1R3 receptors of the
complex. Thus, the reduced availability of STR in the PM may be
linked to structural changes that affect the stability of the dimer at
the PM without directly altering the efficiency of the signaling
cascade per se (Figure 1A) or dimer trafficking from the ER to the PM
(Figure 1E). For instance, upon ligand binding, GPCRs can be rapidly
desensitized through internalization [18]. So, we evaluated TAS1R2/
TAS1R3 dimerization and quaternary conformation in response to a
ligand. We performed paired experiments by acquiring control fluo-
rescence decay data from individual cells using the lle or Val variant
and measured a second fluorescence decay from the same cell after
addition of aspartame, a potent TAS1R2 agonist. For the TAS1R2-(lle)
variant, aspartame caused a reduction in the apparent percentage of
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Figure 1: The TAS1R2-(Val) variant reduces plasma membrane (PM) availability of STR dimer. A) Calcium mobilization in response to aspartame concentrations in
transfected HEK293 cells with TAS1R2-(lle) or TAS1R2-(Val) along with TASTR3 and Got16-gust44 (n = 6, ~ 30 cells). B) Calcium response images (color scale indicates the
fluorescence intensity) with quantitation of the percent of responding cells to a saturating concentration (30 mM) of aspartame. C) Analysis of surface expression of TAS1R2 (left
bars) and TAS1R3 (right bars) shown as normalized percent positive cells in Expi293F cells co-expressing FLAG-TAS1R2 constructs (lle or Val) with Myc-TAS1R3. Vec, vector-only
control. D) Whole-cell progressive acceptor photobleaching showing TAS1R2/TAS1R3 hetero-oligomerization using the TAS1R2-(lle) and TAS1R2-(Val) variants. E) Quantification of
FRET in subcellular regions (WC, whole cell; PM, plasma membrane; ER, endoplasmic reticulum). F) Single-point lifetime measurements of PM-localized receptors, shown as
percentage of receptors in dimeric complexes for each of the TASTR2 variants. G) Single-point acquisition of fluorescence lifetime (ns) for the TAS1R2-(lle)/TAS1R3 and TAS1R2-
(Val)/TAS1R3 dimers indicative of the donor—acceptor distance of the complexes. H) Single-point lifetime measurements of PM-localized STR before and after the addition of
aspartame, shown as percentage of receptors in dimeric complexes. Con, control; asp, after aspartame. Four-parameter logistic regression (A); t-test (B,C,E,F,G); Paired t-test (H).

dimeric TAS1R2/TAS1R3 at the PM, but these effects were absent
using the TAS1R2-(Val) variant (Figure 1H). The TAS1R2/TAS1R3
dimer structure remained unchanged for both variants
(Supp.Figure.1E). Thus, the Val variant may cause ligand-independent
receptor internalization, contributing to the observable reduction of
the STR dimer in the PM.

3.2. TAS1R2-val carriers have reduced glucose excretions during
an OGTT

In taste buds, STR are abundant, so a lower number of functional STR
due to reduced PM availability may not cause a strong phenotype. In
contrast, STR expression in intestinal L-cells or pancreatic beta-cells is
less pronounced; hence, a reduced number of functional STR could
have consequences leading to observable physiological effects.
Indeed, we have previously shown that genetic loss of function of
TAS1R2 in mice (TAS1R2-K0) causes reduced glucose excursions in
response to an oral glucose tolerance test (OGTT) [4], but whether
these findings are applicable to human physiology is unknown. Thus,
as a proof-of-concept, we tested whether partial loss of function of STR
through lle191Val polymorphism similarly alters glucose and hormonal
responses to an OGTT in a cohort of healthy lean participants (Table.1).
Participants were genotyped for the lle191Val (rs35874116) variant of
TAS1R2 and assigned to either the homozygous major allele (lle/lle) or
the carrier of minor allele (Val/_) group. The genotype distribution did
not deviate from the Hardy—Weinberg equilibrium and the minor allele
frequency was not different from the recorded aggregate
(Supp.Table.1). There were no differences in the fasting metabolic
characteristics between genotypes (Table.1). Strikingly, we observed a

notable reduction in glucose excursions in Val carriers during the OGTT
(Figure 2A and Table.1). Insulin responses in Val carriers also trended
to be lower, but the effect was not statistically significant (Figure.1B).
No genotype differences were noted in C-peptide, glucagon, or active
GLP-1 concentrations (Figure 1C-E and Table.1). The lower plasma
glucose excursions in Val carriers mirrors the phenotype of TASTR2-KO
mice [4] and further corroborates our biochemical data, suggesting
that the lle191Val substitution leads to partial loss of function of STR in
humans.

In TAS1R2-KO mice, the reduced glucose excursions to an OGTT could
not be explained by altered beta-cell function or insulin sensitivity [1,2],
but were mainly attributed to a reduced rate of glucose absorption [4].
To shed light on the relative contributions of these regulatory mech-
anisms in Val carriers, we performed mathematical modeling analysis
of the OGTT [19]. No genotype effects were noted in insulin sensitivity
(Stumvoll index) and clearance or in beta-cell function through the
evaluation of various insulin secretion parameters and indices (Table.1
and Supp. Methods). These data exclude major contributions of insulin
secretion and/or action and suggest that the genotype effect on
glucose excursions during the OGTT is consistent with altered glucose
absorption. Indeed, pharmacological inhibition of STR reduced glucose
flux in fresh human intestinal explants, recapitulating the effects of
genetic ablation of STR in mouse intestines [4]. Sex-dependent dif-
ferences in glucose absorption rates can also affect OGTT responses
[20], but in our study the magnitude of the genotype effect on glucose
responses was similar between male and female participants
(p = 0.633), so no significant interaction between genotype and sex
(p = 0.752) was noted. Finally, we assessed fecal microbiota
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Table.1 — Baseline and metabolic responses to an OGTT in healthy lean adults grouped by two common TAS7R2 polymorphisms.

le/lle Val/_ p Ser/_ Cys/Cys p
Baseline variables
Total n (Male/Female) 26 (9/117) 20 (5/15) 16 (7/9) 30 (7/23)
Age (years) 29.19 + 1.52 31.00 + 2.18 0.281 32.88 + 2.12 27.88 + 154 0.062
Height (cm) 1.68 + 0.02 1.67 £+ 0.02 0.591 1.67 £+ 0.02 1.68 + 0.02 0.766
Weight (kg) 62.68 + 1.79 62.16 £+ 1.85 0.808 63.72 £ 2.22 61.78 + 1.57 0.899
BMI (kg/m?) 22.07 £ 0.41 22.31 + 0.44 0.650 22.76 + 0.53 21.86 + 0.35 0.190
Glucose (mg/dL) 88.90 + 1.41 91.75 + 1.76 0.208 89.91 + 1.99 90.27 + 1.36 0.861
Insulin (LU/L) 717 £0.91 7.67 +1.08 0.838 5.37 + 0.56 8.46 + 0.96 0.056
HbA1c (%) 4.90 + 0.06 4.92 + 0.06 0.773 4.93 + 0.06 4.90 + 0.06 0.984
Triglycerides (mg/dL) 73.81 + 7.31 76.45 + 8.12 0.849 66.00 + 7.29 79.73 £7.20 0.263
Total Cholesterol (mg/dL) 167.80 + 6.67 165.8 + 5.33 0.681 158.60 + 7.00 171.30 + 5.50 0.294
HDL (mg/dL) 62.27 + 2.77 63.65 + 2.86 0.994 59.56 + 3.31 64.63 + 2.45 0.547
LDL (mg/dL) 90.69 + 5.80 86.75 + 5.15 0.617 85.88 + 6.72 90.63 + 4.92 0.587
LDL/HDL ratio 1.55 + 0.14 1.46 £ 0.15 0.792 1.54 +0.20 1.49 + 0.12 0.871
OGTT variables
Baseline glucose (mg/dL) 91.06 + 1.50 90.84 + 1.86 0.928 9221 + 1.75 90.10 + 1.49 0.342
2h glucose (mg/dL) 118.89 + 5.32 125.43 + 6.60 0.437 116.79 + 6.22 124.71 + 5.30 0.318
Baseline insulin (pg/mL*10~3) 0.52 + 0.04 0.46 + 0.05 0.343 0.46 + 0.05 0.52 + 0.04 0.237
2h insulin (pg/mL*10’3) 322 + 0.44 2.77 £ 0.54 0.520 2.62 £+ 0.51 3.34 +0.43 0.262
Glucose peak (mg/dL) 176.98 + 4.11 162.14 + 4.82 0.019 167.88 + 5.40 172.75 + 4.36 0.479
Glucose time of peak (min) 141.21 +£13.37 120.47 + 14.29 0.237 132.70 + 16.08 132.61 + 13.04 0.996
Insulin peak (pg/mL*1O’3) 4.76 £+ 0.47 3.57 + 0.47 0.075 4.18 £ 0.58 4.32 + 0.48 0.844
Insulin time of peak (min) 149.85 + 9.51 134.99 + 10.57 0.288 141.11 + 11.56 145.38 + 9.46 0.774
C-peptide peak (pg/mL*min*10~9) 6.75 + 0.43 6.03 + 0.50 0.264 6.63 + 0.54 6.34 + 0.44 0.665
C-peptide time of peak (min) 138.62 + 8.22 133.01 + 9.48 0.649 135.84 + 10.14 136.60 + 8.17 0.953
AUC glucose (mg/dL*min*10~3) 23.92 + 0.62 22.19 + 0.58 0.048 23.31 £ 0.72 23.10 £+ 0.57 0.752
AUC insulin (pg/mL*min*10’3) 543.59 + 62.26 417.56 £ 41.62 0.119 445.82 + 43.35 511.71 £ 57.34 0.462
AUC C-peptide (pg/mL*min*1073) 872.05 + 56.34 785.21 + 55.86 0.244 827.25 + 48.45 838.05 + 56.43 0.940
AUC glucagon (pg/mL*min*10~%) 4.99 + 0.57 474 4+ 0.48 0.830 5.43 + 0.80 4.59 + 0.40 0.389
AUC active GLP1 (pg/mL*min*10’3) 4.34 £+ 0.56 4.02 + 0.40 0.585 4.32 £ 0.43 4.14 £+ 0.50 0.649
OGTT modeling analysis
Basal glucose (mmol/L) 5.00 + 0.08 512 4+ 0.10 0.341 5.04 + 0.10 5.05 + 0.08 0.927
Mean glucose (mmol/L) 7.35 £ 0.18 6.80 + 0.22 0.048 7.18 £0.24 7.08 +0.19 0.752
Basal insulin (pmol/L) 90.10 + 6.64 78.30 + 7.80 0.237 79.10 + 8.28 89.20 + 6.68 0.343
Mean insulin (pmol/L) 515.32 + 52.52 391.84 + 61.71 0.119 426.29 + 67.59 488.72 + 53.74 0.462
Glucose sensitivity (pmol/min/m?/mM) 65.60 + 6.06 67.10 + 7.12 0.871 70.40 + 7.48 63.50 + 6.03 0.473
Insulin secretion rate (pmol/min/mz) 69.40 + 7.52 76.20 + 8.84 0.545 63.30 £+ 9.20 77.90 + 7.42 0214
Potentiation factor ratio 1.38 £ 0.10 1.48 + 0.12 0.530 1.32 £ 0.13 1.49 + 0.10 0.312
Rate sensitivity (pmol/m?/mM) 656.44 + 101.37 710.65 + 119.11 0.719 788.97 + 123.99 608.22 + 100.06 0.255
Insulin sensitivity (Lmol/min/kg) 7.67 + 0.46 8.45 + 0.55 0.262 8.08 + 0.58 7.93 + 0.47 0.830
Insulin clearance (L/min/m?) 0.51 £ 0.04 0.60 £ 0.05 0.171 0.62 £ 0.05 0.50 + 0.04 0.105

All values are mean + SEM. P-value for genotype effect was obtained after sex adjustment using a general linear model. BMI, body mass index; HDL, high density lipoproteins; LDL, low
density lipoproteins; VLDL, very-low density lipoproteins; HbA1c, glycated hemoglobin Alc; OGTT, oral glucose tolerance test; AUC, area under curve; GLP1, glucagon-like peptide 1.

composition because of known interactions with glucose regulation
[21], but found similar microbial alpha and beta diversity between
genotypes (Supp.Table.2), confirming findings in mice [15].

Our data collectively support a functional role of STR in postprandial
glucose regulation in humans, as shown before in mice [3,4,22].
However, it is still unclear whether partial loss of function of TASTR2
affects other glycemic variables or alters the risk for the development
of metabolic diseases. Although our study was not designed or
intended to expose such associations, we explored the lle191Val
polymorphism in the TAS7R2 gene (rs35874116) using phenome-wide
association studies (PheWAS) at the “T2D Knowledge Portal” (https://
t2d.hugeamp.org), which specifically enables the search and analysis
of traits linked to type 2 diabetes. Because postprandial glucose
excursion is not a measured trait in large-scale PheWAS for type 2
diabetes, a direct validation of our findings in heterogeneous pop-
ulations could not be appropriately assessed. Nevertheless, the
rs35874116 was significantly (p < 0.05) associated with phenotypes
relevant to renal function, lipids, and other metabolic and glycemic
indices (all traits with p < 0.05 as shown in Supp. Table.3). These

findings suggest that partial loss of function of STR in peripheral tis-
sues may affect phenotypic outcomes associated with metabolic
control and disease.

3.3. The effects of lle191Val substitution are not linked to the
Ser9Cys high-frequency variant

Finally, the allele frequencies of most missense variants in the
translated region of TAS7R2 are low (<10%), but the rs9701796 allele
(Ser9Cys) is comparable to lle191Val [23]. This substitution is located
in the putative signal peptide of TAS1R2 and has also been associated
with dietary and anthropometric variables in children [24]. Therefore,
to exclude the possibility that clinical interactions associated with the
lle191Val are linked to Ser9Cys polymorphism, we analyzed all clinical
variables of the human cohorts based on this TAS7RZ2 variant. We
found no associations between Ser9Cys and the assessed variables
(Supp.Figure 2, Table.1, and Supp.Tables 1 and 2). Although we
cannot exclude the possibility of linkage disequilibrium with another
causal polymorphism, the effects of lle191Val are independent from
this high-allele-frequency TAS7R2 variant.
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Figure 2: The TAS1R2-(Val) variant is associated with reduced glucose excursions in humans. Plasma excursions of (A) glucose, (B) insulin, (C) C-peptide, (D) glucagon, and
(E) active GLP-1 in response to an oral glucose challenge in healthy lean lle/lle (black) and Val carriers (red) with normal glucose control (n = 20—26/group). Two-way ANOVA

repeated measures, p-value of time x genotype effect.

3.4. Conclusions

Using a combination of in vitro biochemical approaches, we identified
that the lle191Val substitution in the TASTR2 gene reduces the
availability of STR dimer in the PM, likely causing a partial loss of
function of STR. This notion was further confirmed by proof-of-
concept clinical findings. We demonstrated that in a cohort of
healthy lean participants, carriers of the Val allele had similar
phenotypic responses to those seen in mice with a genetic loss of
function of TAS1R2 (TAS1R2-KO). Thus, our clinical observations
corroborate our previous pre-clinical findings, which demonstrated
contributions of STR in postprandial glucose excursions [4], and
highlight that, beyond taste perception, STR can also act as pe-
ripheral sugar sensors in humans.
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