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A B S T R A C T

Bitter is one of the five basic taste qualities, along with salty, sour, sweet and umami, used by mammals to access
the quality of their food and orient their eating behaviour. Bitter taste detection prevents the ingestion of food
potentially contaminated by bitter-tasting toxins. Bitter taste perception is mediated by a family of G protein-
coupled receptors (GPCRs) called TAS2Rs. Humans possess 25 TAS2Rs (human type II taste receptors),
enabling the detection of thousands of chemically diverse bitter compounds. The identification of agonists/an-
tagonists and molecular mechanisms that govern receptor-ligand interaction has been primarily achieved
through functional expression of TAS2Rs in heterologous cells. However, TAS2R receptors, like many other
GPCRs, suffer from marginal cell surface expression. In this study, we compared the functionality of 9 engineered
chimeric receptors, focusing our experiments on TAS2R14, a broadly tuned receptor that recognizes over 151
identified compounds. Among the different tested signal peptides, rat somatostatin receptor subtype 3 results in
higher potency of aristolochic acid-induced calcium signalling than other tested export tags, such as bovine
rhodopsin, murine Igκ-chain or human mGluR5. The addition of a MAX sequence enhances both TAS2R14 po-
tency and efficacy. We also confirm that the FLAG epitope, when located at the C-terminal, interferes less with
the TAS2R14 functionality, enabling reliable evaluation of this receptor at the cell surface using immunohisto-
chemistry. Finally, these observations are also confirmed for TAS2R14 and TAS1R2/TAS1R3 (the sweet taste
receptor) stimulated by 12 bitter compounds and by sucralose and neotame, respectively.

1. Introduction

The sense of taste enables us to identify and discriminate key
nutritional components present in food. Humans are able to discriminate
five basic taste qualities, that are sweet, umami, bitter, salty and sour
[1]. The bitter taste is thought to detect toxins, although an association
between bitterness and toxicity is not always the case [2]. To detect
gustatory stimuli, mammals have specialized taste receptor cells, which
are organized into groups of 50–150 cells, forming a taste bud. One or
multiple taste buds are mainly embedded within morphologically
different taste papillae present on the surface of the tongue [3].

In humans, bitterness is detected through 25 G protein-coupled re-
ceptors (GPCRs) called TAS2Rs (type II taste receptor) [4–7]. Functional
expression assays demonstrated that some TAS2Rs are tuned to detect a
small array of structurally related compounds, whereas others are

sensitive to a large variety of chemically diverse bitter compounds [4,8].
This finding may explain how humans are able to detect thousands of
bitter compounds with only 25 TAS2Rs. This recognition capacity was
further expanded by the existence of a single nucleotide polymorphism
on specific receptors exhibiting true phenotype activity [9–13].
TAS2R14, the most broadly tuned bitter taste receptor, is able to detect
more than 151 identified bitter compounds perceived by humans with
micromolar-range potency [14]. This receptor is widely characterized
and activated by potent, structurally different bitter substances from
both natural or synthetic origins [8,15–18]. Recently, cryo-electron
microscopy structures of TAS2R14 complexed with G proteins were
reported allowing identification of an orthosteric binding pocket occu-
pied by cholesterol molecule as well as intracellular allosteric binding
site [19–21].

Extra-oral expression of TAS2Rs widened the scope of action of bitter
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compound-receptor interactions in other biological functions or patho-
physiological states, such as disease and cancer [22–25]. TAS2R
expression has been found in many extra-oral tissues and organs,
including the gastro-intestinal tract [26–31], respiratory system
[32–39], heart [40], genito-urinary system [41–43], breast [44], bone
marrow and vascular system [45], skin [46,47], brain [48–51] and
endocrine system [52]. For example, TAS2R14, is expressed in several
extra-oral tissues and suggested to have physiological roles related to
innate immune responses, male fertility and cancer [53]. These findings
enhance TAS2R potential as a target for new emerging drugs.

Agonist and antagonist characterization have been mostly achieved
using the functional expression of TAS2Rs in heterologous cell lines.
However, a major drawback to investigating ligand-TAS2R relationships
in mammals is their weak cell surface expression. To improve functional
expression, TAS2Rs have been expressed as chimeric receptors con-
taining the amino termini of either bovine rhodopsin (Rho) [5] or rat
somatostatin receptor subtype 3 (SST3) [54].

The aim of this article was to identify TAS2R14 chimera that
exhibited higher functional expression than widely approved gene
construct used as a control (C). Our study was focused on TAS2R14 as
broadly tuned receptor able to detect many bitter taste compounds.
First, cellular assay was carried out using HEK293T stably expressing
Gα16gut44 and transiently transfected with nine different human
TAS2R14 (hTAS2R14) chimera constructs (including the construct C).
Constructs varied according to the presence or absence of QBI SP163
translational amplifier sequence (MAX sequence), the tag epitope
(FLAG) position and the signal peptide sequence (SST3, Rho, murine Igκ-
chain (Igκ) and human mGluR5 (mGluR5)) that are favourably involved
in functional expression. The activity of the nine TAS2R14 receptors
stimulated by aristolochic acid was determined using calcium imaging
experiments. Moreover, the validation of the enhancing response of the
identified optimized vector was carried out with other known TAS2R14
agonists. Second, the protein expression and subcellular localization of
the receptor were also analysed using immunocytochemistry and
confocal microscopy. Third, the vector construction identified as
exhibiting the best TAS2R14 activation was extended to other taste re-
ceptors, and in particular the sweet taste receptor TAS1R2/TAS1R3.

2. Materials and methods

2.1. Chemicals

The bitter molecules (aristolochic acid, picrotoxinin, 1-naphtoic
acid, piperonylic acid, flufenamic acid, mefenamic acid, niflumic acid,
diclofenac, tributyrin, santonin, genistein, (− )-α-thujone and parthe-
nolide) were purchased from Sigma-Aldrich-Merck (Saint-Quentin Fal-
lavier, France). Bitter compounds were freshly prepared and dissolved in
buffer C1 (130 mMNaCl, 5 mM KCl, 10 mMHEPES, 2 mM CaCl2, 10 mM
pyruvic acid, pH 7.4, 300 mOsm) when they were soluble or in dimethyl
sulfoxide (DMSO) at 100 mM for the initial solution of insoluble sub-
stance. After dilution in buffer C1 of the ranges of concentrations of
ligand, DMSO never exceeded 0.1 % (v/v) to prevent toxic effects on
cells. Dulbecco’s modified Eagle’s medium (DMEM) and all tissue cul-
ture media components were purchased from Life Technologies (St
Aubin, France). The anti-FLAG M2 antibody was obtained from Sigma-
Aldrich-Merck, and the Alexa 488-conjugated goat anti-mouse second-
ary antibody was obtained from Life Technologies.

2.2. Generation of TAS2R14 expression constructs

The chimeric Gα16gust44 was previously described [55]. This
chimera was generated by replacing the C-terminal of Gα 16 with the
C-terminal 44 residues of gustducin and cloned into the pcDNA3.1/-
Hygro vector (Invitrogen, Thermo Fisher Scientific, Illkirch, France).
The vector pcDNA5FRT-SST3-hTAS2R14-HSV, called vector control (C),
was generously provided by Pr. W. Meyerhof (German Institute of

Human Nutrition Potsdam-Rehbruecke, Nuthetal, Germany). In the
vector C, the full coding sequence of wild-type human TAS2R14 (NCBI
accession number NM_023922) was amplified by PCR from human
genomic DNA and cloned into the pcDNA5FRT vector from Invitrogen.
The N-terminal contains the first 45 amino acids of rat somatostatin
receptor subtype 3 (SST3) and a C-terminal sequence coding for a herpes
simplex virus glycoprotein D epitope (HSV-tag) [16,54]. For the con-
structs used in this study, the 317 amino acid sequence of TAS2R14 was
obtained from the online UniProt protein database (UniProt Q9NV8 also
corresponding to NCBI accession number NM_023922.1). The coding
region of TAS2R14 was cloned into the vector pcDNA4/myc-HisA
(Invitrogen) between EcoRI and NotI restriction sites. This vector,
named construct 1, constituted our internal laboratory control. Then, to
improve protein expression in mammalian cells, we used human codon
optimization (Genewiz, Leipzig, Germany). We tested, upstream of the
start codon, a sequence called MAX, corresponding to the QBI SP163
element also described in pcDNA4-HisMax (Invitrogen). The QBI SP163
element is built together with a 31 nucleotide fragment of the 5′ cap
sequence of the mouse vascular endothelial growth factor (VEGF) gene
fused to a 132-nucleotide fragment of the 5′ untranslated region (UTR)
immediately preceding the translational start site of the VEGF gene [56].
This final 163 nucleotide splice variant operates as a strong translational
enhancer. To improve TAS2R14 functional expression, we explored two
different signal peptides known to improve targeting of some GPCRs to
the plasma membrane, including SST3 [57] and Rho [58]. We fused the
first 45 amino acids of SST3 (MAAVTYPSSVPTTLDPGNAS-
SAWPLDTSLGNASAGTSLAGLAVSG) or the 36 amino acids of Rho
(MNGTEGPNFYVPFSNKTGVVRSPFEA PQYYLAEPWQ) in the N-termi-
nal section of the gene. We also explored two other peptide signal se-
quences. The murine Igκ-chain leader sequence (Igκ)
(METDTLLLWVLLLWVPGSTG) taken from the pSecTag2 vector (Invi-
trogen) is described for increasing protein secretion. The peptide signal
sequence of human mGluR5 (MVLLLILSVLLLKEDVRGSA) leads to good
expression of class C GPCR for CaSR [59] and GPRC6A [60]. Further-
more, we examined the impact of the FLAG sequence (DYKDDDDK)
position between the N- or C-terminal on TAS2R14 functional activity
[61]. The FLAG epitope allows immunocytochemical detection of re-
ceptor expression, as well as the HSV-tag (QPELAPEDPEDC). We con-
structed 8 vectors sharing different sequences described in Fig. 1. All
plasmids were amplified with the QIAfilter Plasmid Midi kit (Qiagen,
Courtabœuf, France). The final constructs were checked by DNA
sequencing (Genewiz) for further use in all subsequent cellular studies.

2.3. Generation of TAS1R2 and TAS1R3 expression constructs

Initial TAS1R2 and TAS1R3 constructs were previously described
[55]. TAS1R2 and TAS1R3 were amplified from human genomic DNA
and assembled using overlapping primers. The open reading frames of
TAS1R2 were cloned into pcDNA3, whereas TAS1R3 was inserted into
pcDNA4-myc-HisA (Life Technologies), generating pcDNA3-TAS1R2
and pcDNA4-TAS1R3 plasmids. Then, two new vectors were engi-
neered, and the coding region with native peptide signal of TAS1R2
(UniProt Q8TE23) and TAS1R3 (UniProt Q7RTX0) were cloned in
pcDNA6-myc-HisA between HindIII and NotI and in pcDNA4-myc-HisA
between EcoRI and NotI restriction sites, respectively. Codon optimiza-
tion was used for human expression (Genewiz). Finally, upstream of the
receptor coding sequence, the QBI SP163 translational element was
added as described for TAS2R14 vectors, leading to
pcDNA6-MAX-TAS1R2 and pcDNA4-MAX-TAS1R3 plasmids.

2.4. Calcium mobilization assay

HEK293T cells stably transfected with Gα16gust44 [55,62] were
seeded on poly-D-lysine-coated 96-well black plates with a clear bottom
(0.35x105 cells/well) in high-glucose DMEM supplemented with 2 mM
GlutaMAX, 10 % dialyzed foetal bovine serum Penicillin/Streptomycin
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and G418 (400 μg/mL) at 37 ◦C and 6.3 % CO2 in a humidified atmo-
sphere. After overnight growth, cells were transiently transfected with
TAS2R14 receptor constructs (120 ng/well) using Lipofectamine 2000
(0.4 μL/well) (Invitrogen), and experiments were conducted for all
constructs the same day to ensure subsequent comparison of the data.
For functional assay with the sweet taste receptor, cells were transiently
transfected with TAS1R2 and TAS1R3 constructs (60 ng of each/well).
We used FlexStation 3 (Molecular Devices, San Jose, CA, USA) to mea-
sure dose-response curves for each TAS2R14 vector. After 24 h, cells
were loaded 1 h at 37 ◦C with Fluo4-AM (Molecular Probes,
Sigma-Aldrich-Merck) previously mixed with Pluronic F-127 (0.01 %)
and diluted in buffer C2 (130 mM NaCl, 5 mM KCl, 2 mM CaCl2 10 mM
pyruvate, 10 mM Hepes; pH 7.4) containing 2.5 mM probenecid (Life
Technologies). The calcium signal was recorded at 510 nm after exci-
tation at 488 nm for 90 s, while the range of ligand was injected
simultaneously in eight wells after 20 s using a microplate reader
FlexStation 3. All substance concentrations were measured in triplicate
wells at least three times independently. As cell transfection and bitter
compounds could interfere with cellular viability and calcium assays, all
compounds were tested on mock-transfected cells for all applied sub-
stance concentrations. Calcium signal emission was normalized to
background fluorescence. The response from each well was calculated
based on the ratio between maximum variation in fluorescence after
ligand addition compared to initial fluorescence before addition and
expressed as ΔF/F0. The fluorescence signals collected for replicate
were averaged for the same substance concentration, and the fluores-
cence changes of corresponding mock-transfected cells were subtracted.
The dose-response data were fitted using a four-parameter logistic
equation [f(x) = min+(max− min)/(1+(x/EC50)nH)]. The median effec-
tive concentrations (EC50 values) and maximal amplitude values of re-
ceptor activation were generated using SigmaPlot software (Systat
Software, San Jose, CA, USA).

2.5. Immunocytochemical staining of HEK293T cells

HEK293T-Gα16gust44 cells were seeded on 4-well culture slides
(0.2x106 cells/well) precoated with Corning Cell-Tak adhesive. When
the cells reached ~80 % confluence, they were transiently transfected
with 600 ng cDNA TAS2R14 construct using 2 μL of Lipofectamine 2000
according to the manufacturer’s recommendations. Approximately 24 h
post-transfection, the cells were subjected to immunocytochemical
staining. Cells were rinsed twice with Hank’s HEPES balanced salt so-
lution and cooled on ice for 1 h to avoid endocytosis. For the colocali-
zation of the receptors with the plasma membrane, cells were incubated
for 1 h on ice with 20 μg/mL biotin-concanavalin A (Sigma-Aldrich-
Merck) that bound to glycoproteins. Then, the cells were washed and
permeabilized for 5 min in cold acetone-methanol (1:1). After two
washes with phosphate-buffered saline (PBS), the cells were blocked
with 5 % goat serum in PBS for 1 h at room temperature. Next, for the
staining receptor, the cells were incubated for 1 h with the primary
antibodies mouse anti-FLAG M2 (Sigma F1804, Sigma-Aldrich-Merck)
or mouse anti-HSV (Novagen, Sigma-Aldrich-Merck) diluted at 1/400
and 1/10,000, respectively, in Dako Antibody diluent (Dako, Agilent,
Santa Clara, CA, USA). Cells were then rinsed twice with PBS, and the
plasma membrane was visualized with the streptavidin Alexa Fluor 568
conjugate (Invitrogen, S11226) diluted at 1/2,000 in Dako Antibody
diluent. After washing with PBS again, Alexa Fluor 488 goat anti-mouse
antibody (Invitrogen) diluted at 1/2,000 was applied 1 h at room tem-
perature. Finally, the cells were rinsed with deionized water, and the
plastic chamber was detached from the culture slides. Coverslip was
fixed with Mounting Medium (Dako). Finally, the cells were analysed
using a fluorescence microscope (Nikon TiE, Nikon, Champigny-sur-
Marine, France) equipped with a LucaR EMCCD Camera (Andor Tech-
nology, Belfast, UK) for TAS2R14 expression and a two-photon confocal
microscope (Nikon A1-MP) equipped with an ×60 objective lens

Fig. 1. Constructs used for the functional expression of human TAS2R14. Sequences were cloned in the pcDNA4 vector for constructs 1 to 8 and in pcDNA5/FRT for
the vector C (control). The MAX enhancing translation sequence was inserted upstream for vectors 2 to 8. The signal peptide sequences were from rat somatostatin
receptor subtype 3 (SST3), bovine rhodopsin (Rho), murine Igκ-chain leader (Igκ) and human mGluR5 (mGluR5). Epitope tags were added either in the N-terminal or
C-terminal position, FLAG or Herpes simplex virus (HSV). The amino acid sequences of these 9 TAS2R14 constructs are detailed in Supplemental Table S1.
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(DImaCell (Cellular Imaging Device) platform, University of Bourgogne
Franche-Comté, Dijon, France) for plasma membrane receptor
colocalization.

3. Results

3.1. Functional characterization of TAS2R14 recombinants

3.1.1. Characterization of the vector C pcDNA5/FRT-SST3-hTAS2R14-
HSV

To investigate the functional expression of TAS2R14 according to the
peptide signal sequence and epitope tag position, calcium imaging ex-
periments were performed. The dose-response relationships obtained by
stimulating receptor-transfected cells with different concentrations of
the bitter agonist aristolochic acid demonstrate the difference in the
responsiveness of chimeric receptors resulting from all constructs
(Fig. 1). The EC50 value for aristolochic acid using the pcDNA5/FRT-
SST3-hTAS2R14-HSV vector (vector C) was 2.10 ± 0.41 μM with a
maximal amplitude of 0.29± 0.01 (Fig. 2 and Table 1). These data are in
accordance with previously published EC50 values of 2.0 μM [63] or
with a slight difference, that is, 0.49 ± 0.03 μM [17].

3.1.2. Functional activity enhancement by MAX sequence
The constructs sharing the same FLAG-SST3-hTAS2R14 sequence but

differing in the presence of a non-coding MAX enhancer (constructs 1
and 2) were compared to the vector C pcDNA5/FRT-SST3-hTAS2R14-
HSV. For each construct, EC50, as well as the maximal signal ampli-
tude, were measured (Table 1). All 3 constructions caused a major
response to the selected agonist, demonstrating that pcDNA4 and the
pcDNA5/FRT plasmid are suitable for the functional expression of
TAS2R14 (Fig. 2A). In our study, the pcDNA5/FRT was used as a
traditional vector for transient transfection in HEK293T-Gα16gus44 cell
lines without the FRT site. In our assay, the aristolochic acid respon-
siveness was slightly shifted towards a higher concentration range for

pcDNA5/FRT compared to the pcDNA4 vector (Fig. 2A). The two con-
structs pcDNA4-FLAG-SST3-hTAS2R14 (construct 1) and pcDNA4-MAX-
FLAG SST3-hTAS2R14 (construct 2) are more sensitive, exhibiting EC50
values for aristolochic acid of 1.34 ± 0.11 and 1.16 ± 0.11 μM,
respectively. We found that the presence of the MAX sequence improved
the efficacy by 29 %. These results confirm the enhancer potential of the
MAX sequence. Next, the MAX sequence was kept for all of our other
TAS2R14 constructs.

Fig. 2. Dose-response relationships of TAS2R14 constructs transfected in HEK293T-Gα16gus44 cells stimulated with aristolochic acid. Construct 1: pcDNA4-FLAG-
SST3-hTAS2R14 (red); construct 2: pcDNA4-MAX-FLAG-SST3-hTAS2R14 (green); construct 3: pcDNA4-MAX-SST3-hTAS2R14 (orange); construct 4: pcDNA4-MAX-
SST3-hTAS2R14-FLAG (blue); construct 5: pcDNA4-MAX-Rho-hTAS2R14 (pink); construct 6: pcDNA4-MAX-Rho-hTAS2R14-FLAG (turquoise); construct 7: pcDNA4-
MAX-Igκ-SST3-hTAS2R14-FLAG (dark purple); construct 8: pcDNA4-MAX-mGluR5-hTAS2R14-FLAG (light grey); vector C (control): pcDNA5/FRT-SST3-hTAS2R14-
HSV (black); empty vector: pcDNA4/myc-HisA (dark grey). Agonist was automatically applied to the transfected cells, and fluorescence changes were monitored. The
logarithmically scaled x-axis indicates the aristolochic acid concentration (μM) and y-axis shows the relative changes of fluorescence upon agonist application. SST3:
rat somatostatin receptor subtype 3; Rho: bovine rhodopsin; Igκ: murine Igκ-chain leader; mGluR5: human mGluR5; HSV: Herpes simplex virus.

Table 1
EC50 values and maximal amplitudes generated by the different TAS2R14 con-
structs in response to aristolochic acid stimulation.

TAS2R14
construct

Sequence EC50
(μM)

x-
fold

Maximal
amplitude

(%)

1 pcDNA4-FLAG-SST3-
hTAS2R14

1.34 ±

0.11
1.57 0.24 ± 0.01 83

2 pcDNA4-MAX-FLAG-
SST3-hTAS2R14

1.16 ±

0.12
1.81 0.31 ± 0.01 107

3 pcDNA4-MAX-SST3-
hTAS2R14

1.05 ±

0.14
2.00 0.34 ± 0.01 117

4 pcDNA4-MAX-SST3-
hTAS2R14-FLAG

0.76 ±

0.08
2.76 0.34 ± 0.01 117

5 pcDNA4-MAX-Rho-
hTAS2R14

2.07 ±

0.26
1.01 0.30 ± 0.01 103

6 pcDNA4-MAX-Rho-
hTAS2R14-FLAG

1.66 ±

0.15
1.26 0.31 ± 0.01 107

7 pcDNA4-MAX-Igκ-
SST3- hTAS2R14-
FLAG

1.53 ±

0.19
1.37 0.32 ± 0.01 110

8 pcDNA4-MAX-
mGluR5-hTAS2R14-
FLAG

– – 0.18 ± 7.07 62

C pcDNA5/FRT-SST3-
hTAS2R14-HSV

2.10 ±

0.41
1.00 0.29 ± 0.01 100

SST3: rat somatostatin receptor subtype 3; Rho: bovine rhodopsin; Igκ: murine
Igκ-chain leader; mGluR5: human mGluR5; HSV: Herpes simplex virus; C: con-
trol vector.
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3.1.3. Impact of FLAG tag and its position on functional activity
The FLAG epitope was inserted upstream or downstream of the SST3-

hTAS2R14 sequence. Compared to the HSV-tag present in the construct
1, the FLAG-tag is commonly used to allow protein detection and puri-
fication when low levels of protein expression are expected [61,64,65].
None of the positions of the FLAG-tag prevented the transient expression
of the gene of interest (Fig. 2B). Compared with the
pcDNA4-MAX-SST3-hTAS2R14 construct without the tag sequence
(construct 3), the aristolochic acid activation was the weakest when the
FLAG sequence was inserted in the N-terminal position of the
SST3-hTAS2R14 sequence (construct 2). Conversely, the functional
expression of TAS2R14 was strongly enhanced when FLAG was omitted
(construct 3) or placed in the C-terminal position (construct 4).
Furthermore, the EC50 concentration was almost shifted to a 3-fold
lower concentration, and the maximal amplitude increased by approx-
imately 17 % for pcDNA-MAX-SST3-hTAS2R14-FLAG (construct 4)
compared to the vector C (Table 1). A slight difference in aristolochic
acid potency was observed between pcDNA4-MAX-SST3-hTAS2R14
(construct 3; 1.05 ± 0.14 μM) and pcDNA4-MAX-SST3-
hTAS2R14-FLAG (construct 4; 0.76 ± 0.08 μM), and their efficacies
were similar. Taken together, our results confirmed the modulation of
TAS2R14 functional activity by the FLAG tag epitope. We also demon-
strated that the C-terminal position was preferable and could slightly
improve TAS2R14 sensitivity.

3.1.4. Influence of peptide signal sequence enhancing expression and/or
membrane targeting

We compared the first 45 amino acids of the sequence SST3, which
was also present in the vector C, with the 36 amino acids of Rho. The
exchange of the signal peptide sequence SST3 (construct 3) to Rho
(construct 5) in the pcDNA4-MAX-SST3-hTAS2R14 sequence led to a
right shift of the dose-response curves (Fig. 2C). The EC50 value (2.07 ±

0.26 μM) and the signal amplitude (0.30 ± 0.01) of the construct 5 were
similar to those of the vector C (Table 1). Note that the FLAG-tag in the
C-terminal on the pcDNA4-Rho-hTAS2R14-FLAG (construct 6) resulted
in a slightly larger effect on the calcium response compared to pcDNA4-
Rho-hTAS2R14 (construct 5), as observed previously between the same
construct with SST3 (constructs 3 and 4).

Therefore, we explored the response to aristolochic acid for the
pcDNA4-MAX-Igκ-SST3-hTAS2R14-FLAG plasmid (construct 7). The
addition of the Igκ chain leader sequence upstream of the SST3-
hTAS2R14-FLAG sequence reduced responsiveness by 2-fold in po-
tency to that measured for pcDNA4-MAX-SST3-hTAS2R14-FLAG
(construct 4), leading to an equivalent response of pcDNA4-MAX-Rho-
hTAS2R14-FLAG (construct 6) (Fig. 2D and Table 1). This result
confirmed that the addition of the Igκ sequence to SST3 did not improve
TAS2R14 functional expression more than SST3 alone.

Finally, we explored the exchange of the native TAS2R14 signal
peptide sequence by the first 20 amino acids of the mGluR5 signal
peptide. This leader sequence has been used to improve the functional
expression of the CaSR receptor [59,60]. Surprisingly, TAS2R14
(construct 8) functional activity was abolished using this construct with
a total loss of calcium signal response (Fig. 2D).

3.1.5. Validation of enhancing vector response with other TAS2R14
agonists

To validate the enhancing functional response of our best construct
(pcDNA4-MAX-SST3-hTAS2R14-FLAG; construct 4), we tested twelve
bitter compounds previously described for effective dose-response re-
lationships with TAS2R14 [8,15–17]. We compared this construct with
the control vectors in pcDNA5FRT (vector C) and in
pcDNA4-FLAG-SST3-hTAS2R14 (construct 1). We studied different

agonists containing 3 ring structures with genistein, santonin, parthe-
nolide and picrotoxinin; 2 rings for flufenamic acid and its derivates,
mefenamic acid and diclofenac, niflumic acid, 1-naphtoic acid, piper-
onylic acid; 1 ring with (− )-α-thujone; and a linear structure with trib-
utyrin (Fig. 3 and Table 2).

The EC50 values and maximal amplitudes for the vector C were
similar to those of previous studies [8,15–17,66]. Functional expression
of TAS2R14 showed a similar left shift of dose-response curves for
pcDNA4-MAX-SST3-hTAS2R14-FLAG (construct 4) compared to the
construct 1 and the vector C. The EC50 values were lower for
pcDNA4-MAX-SST3-hTAS2R14-FLAG (construct 4) compared to the
vector C stimulated by flufenamic acid, mefenamic acid, diclofenac and
niflumic acid, indicating enhancement in potency. Surprisingly, the
basal TAS2R14 construct in pcDNA4 without the MAX sequence
(pcDNA4-FLAG-SST3-hTAS2R14, construct 1) led to EC50 values similar
to pcDNA4-MAX (construct 4) for flufenamic acid and niflumic acid or
even weaker for mefenamic acid, diclofenac and (− )-α-thujone. How-
ever, no significant difference in EC50 values was observed for these 3
vectors stimulated by genistein, parthenolide, picrotoxinin, 1-naphtoic
acid and piperonylic acid. For all tested bitter agonists, with the
exception of picrotoxinin and piperonylic acid, signal amplitude was
strongly promoted by the enhancing transcriptional sequence (MAX
sequence) and the presence of the FLAG epitope in the C-terminal po-
sition. Moreover, the difference in maximal amplitude was also
enhanced by the MAX sequence compared to the vector C
pcDNA5/FRT-SST3-hTAS2R14-HSV, although it was enhanced
regarding genistein, parthenolide, 1-naphtoic acid and tributyrin. This
short panel of tested ligands confirmed the enhancement of the func-
tional response of the pcDNA4-MAX-SST3-hTAS2R14-FLAG construct
(construct 4) for chemically diverse bitter compounds.

3.2. Cell surface expression

To assess the cell surface expression of TAS2R14 using the different
constructs, we transiently and individually transfected each vector into
HEK293T-Gα16gus44 cells. After immunocytochemical staining, we
observed, in epifluorescence microscopy, significant TAS2R14 expres-
sion for all gene constructs without significant differences
(Supplemental Fig. S1). Nevertheless, the staining of cells transfected by
pcDNA4-MAX-mGluR5-hTAS2R14-FLAG (construct 8) showed accu-
mulation of the receptor in the cytosol in the form of a fluorescent
granule that suggests accumulation of the receptor within the Golgi
compartment.

To validate cell plasma membrane surface expression and to inves-
tigate the reason for the decreased responsiveness of mGluR5-
hTAS2R14-FLAG, we observed immunocytochemical colocalization, as
analysed using confocal microscopy. As shown in Fig. 4, the merged
image of immunofluorescence from the TAS2R14 receptor (green) and
plasma membrane (red) shows colocalization for all FLAG-tagged con-
structs, except for the mGLuR5 signal peptide sequence (pcDNA4-MAX-
mGluR5-hTAS2R14-FLAG; construct 8). These results agree with the
absence of functional activity observed with pcDNA4-MAX-mGluR5-
hTAS2R14 (construct 8), which can be attributed to the absence of
membrane targeting.

3.3. Application of the optimized vector to sweet taste receptor TAS1R2/
TAS1R3

To test whether the best construct obtained for TAS2R14 was
transposable to other taste receptors, we designed new constructs for the
two TAS1R2 and TAS1R3 subunits that composed the heterodimeric
sweet taste receptor and investigated their functional activity using

C. Belloir et al. Protein Expression and Puriϧcation 227 (2025) 106643 

5 



calcium-based cell assays with two sweeteners, sucralose and neotame.
The dose-response relationships, the EC50 values and the maximal
amplitude are presented in Fig. 5 and Table 3. The dose-response curves
and the calculated EC50 and maximal amplitude values were similar to
those of previous studies for pcDNA3-TAS1R2/pcDNA4-TAS1R3
[67–69]. The vector pcDNA3-MAX-TAS1R2/pcDNA4-MAX-TAS1R3
exhibited a lower EC50 value and higher maximal amplitude than
pcDNA3-TAS1R2/pcDNA4-TAS1R3 and pcDNA3-MAX-TAS1R2/pcDN
A4-TAS1R3 when stimulated by the sweeteners, sucralose and neo-
tame. In addition, for neotame, the potency was higher for
pcDNA3-TAS1R2/pcDNA4-MAX-TAS1R3 and pcDNA3-MAX-TAS1R2/
pcDNA4-MAX-TAS1R3. Our results confirmed that the TAS1R

expression is also improved by this translational element (MAX
sequence) as observed for TAS2R14.

4. Discussion

In the present study, we engineered an optimized construct for the
functional expression of human TAS2R14 in HEK293 cells. To compare
different constructs, we functionally expressed TAS2R14 with added or
exchanged DNA sequences that are well known to achieve this goal in
other GPCRs. Insertion of the MAX sequence upstream of gene synthesis
strongly improved the potency and efficacy of the receptor without
increasing the level of measurable expression at the cell surface. The QBI

Fig. 3. Dose-response relationships of TAS2R14 constructs transfected in HEK293T-Gα16gus44 cells stimulated with various bitter compounds. HEK 293T-
Gα16gust44 cells were transiently transfected with vector 4 pcDNA4-MAX-SST3-hTAS2R14-FLAG (blue), vector 1pcDNA-FLAG-SST3-hTAS2R14 (red) or vector C
(control) pcDNA5/FRT-SST3-hTAS2R14-HSV (black) or empty vector pcDNA4/myc-HisA (grey). Agonist (presented with their chemical structure) was automatically
applied to the transfected cells, and fluorescence changes were monitored. The logarithmically scaled x-axis indicates the compound concentration (μM) and y-axis
shows the relative changes of fluorescence upon agonist application. SST3: rat somatostatin receptor subtype 3; HSV: Herpes simplex virus.
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SP163 translational element appeared to be a powerful tool to improve
the functional expression of TAS2Rs. These elements can also be used for
other GPCRs, as we demonstrated for the sweet taste receptor TAS1R2/
TAS1R3.

We also observed that rat SST3, more than bovine Rho, favoured the
functional expression of TAS2R14 in HEK293T-Gα16gust44 cells using

calcium imaging experiments. Finally, we found that FLAG epitope tag
addition in the C-terminal can also improve receptor functionality,
enabling reliable evaluation of cell surface expression by
immunocytochemistry.

This work showed that while the SST1 receptor was largely main-
tained in intracellular vesicles, the SST3 receptor was targeted to the cell

Table 2
EC50 values and maximal amplitudes generated by different TAS2R14 constructs in response to different bitter compounds.

TAS2R14 construct 1 4 C

pcDNA4-FLAG-SST3-hTAS2R14 pcDNA4-MAX-SST3-hTAS2R14-FLAG pcDNA5/FRT-SST3-hTAS2R14-HSV

EC50 (μM) Maximal amplitude EC50 (μM) Maximal amplitude EC50 (μM) Maximal amplitude

Genistein 5.71 ± 1.77 0.06 ± 0.01 5.94 ± 1.37 0.14 ± 0.01 5.18 ± 0.61 0.11 ± 0.01
Santonin 15.53 ± 3.95 0.10 ± 0.01 7.14 ± 0.69 0.14 ± 0.01 85.03 ± 83.21 0.20 ± 0.05
Parthenolide 2.08 ± 0.33 0.13 ± 0.01 3.41 ± 1.19 0.25 ± 0.02 3.06 ± 0.65 0.17 ± 0.01
Picrotoxinin 8.22 ± 6.37 0.08 ± 0.02 5.32 ± 2.62 0.11 ± 0.02 2.84 ± 0.91 0.06 ± 0.01
Flufenamic acid 0.15 ± 0.03 0.18 ± 0.01 0.16 ± 0.02 0.38 ± 0.01 0.32 ± 0.01 0.40 ± 0.01
Mefenamic acid 1.92 ± 0.25 0.26 ± 0.01 2.85 ± 0.26 0.43 ± 0.01 5.01 ± 0.46 0.45 ± 0.02
Diclofenac 2.98 ± 0.81 0.09 ± 0.01 5.80 ± 1.65 0.21 ± 0.02 14.14 ± 8.95 0.23 ± 0.05
Niflumic acid 0.64 ± 0.04 0.15 ± 0.01 0.60 ± 0.12 0.26 ± 0.01 1.40 ± 0.29 0.25 ± 0.02
1-Naphtoic acid 95.95 ± 15.23 0.10 ± 0.01 77.20 ± 20.89 0.25 ± 0.02 76.27 ± 25.88 0.20 ± 0.02
Piperonylic acid 427 ± 170 0.05 ± 0.01 398 ± 274 0.12 ± 0.05 501 ± 480 0.10 ± 0.06
(− )-α-Thujone 0.29 ± 3.10 0.09 ± 0.01 29.35 ± 6.48 0.22 ± 0.02 37.85 ± 8.06 0.19 ± 0.02
Tributyrin 7.53 ± 0.95 0.20 ± 0.01 10.94 ± 2.58 0.37 ± 0.03 12.65 ± 1.56 0.31 ± 0.01

SST3: rat somatostatin receptor subtype 3; HSV: Herpes simplex virus; C: vector control.

Fig. 4. Cell-surface localization and expression rates of TAS2R14 constructs. Immunocytochemistry of HEK293T-Gα16gust44 cells expressing various FLAG-tagged
and HSV-tagged TAS2R14 constructs. The TAS2R-expressing cells are shown in green, and the plasma membrane is stained in red. The receptors were detected using
a primary anti-FLAG or anti-HSV antibody and fluorescently labelled by a secondary Alexa-488–conjugated antibody. This experiment was not applied to vectors 3
and 5, which did not contain a FLAG tag in their construction. All data were obtained from the same transfection experiment. HEK293T-Gα16gust44 cells in the
absence of the TAS2R14 receptor (mock cells) showed no signal. Pictures were taken using a two-photon confocal microscope (Nikon A1-MP) equipped with a 60x
objective lens. The average cell fraction expressing the receptor (±SEM) is provided in white in the overlay panel. Four to six images were counted, and averaged per
receptor construct pictures. The TAS2R14 constructs are presented in Fig. 1. HSV: Herpes simplex virus; C: vector control.

Fig. 5. Dose-response relationships of sweet taste receptor stimulated with sucralose and neotame using TAS1R2 and TAS1R3 expressing vectors promoted by QBI
SP163 translational enhancer sequence (MAX sequence). HEK293T-Gα16gust44 cells were transiently co-transfected with vectors expressing each TAS1R2 and
TAS1R3 subunit. Co-transfection of pcDNA3-TAS1R2 with pcDNA4-TAS1R3 (pink), or pcDNA3-MAX-TAS1R2 with pcDNA4-TAS1R3 (red), or pcDNA3-TAS1R2 with
pcDNA4-MAX-TAS1R3 (blue) or pcDNA3-MAX-TAS1R2 with pcDNA4-MAX-TAS1R3 (green). Mocked cells did not respond to sweetener agonists (black). Agonists
were automatically applied to the transfected cells, and fluorescence changes were monitored. The logarithmically scaled x-axis indicates the compound concen-
tration (μM) and y-axis shows the relative changes of fluorescence upon agonist application.
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surface. Its N-terminal has been clearly demonstrated to be responsible
for the main difference in subcellular destination. Analysis of receptor
chimeras of SST1 and SST3 demonstrated that the first 65 amino acid
residues of the N-terminal regions of SST3 are sufficient to obtain SST1
cell surface expression [57]. Then, these researchers used only the first
45 amino acids of the rat SST3 as a cell-surface-targeting signal at the
N-terminal of bitter taste receptors [54] and started deorphanizing the
25 human TAS2Rs [8]. The SST3 receptor still serves as a mechanistic
model for understanding endosomal trafficking of GPCR and intracel-
lular signalling [70,71].

Other strategies have been used to enhance GPCR expression in
heterologous systems [72]. Among these strategies, the insertion of the
rhodopsin N-terminal 20 amino acid residues was widely used to
improve cell surface targeting of functional olfactory receptors (ORs) in
the same cellular model [58,73]. It was shown that the Rho-tag fusion
fused to mouse ORs, as well as the FLAG-tag, generally leads to lower
concentrations of agonist responses, thereby enhancing potency
compared to HA-tagged or untagged ORs [73]. However, the authors
showed that in cellular assays using OR transfection, increasing quan-
tities of plasmid construction coding the OR during transfection con-
tributes mainly to ligand specificity, suggesting that the quantity of
cell-surface receptors, and not the Rho-tag, is involved in potency
enhancement [73]. However, even with Rho-tag, many ORs still fail to
reach the cell plasma membrane, and it was demonstrated that tags
concatenation with the leucine-rich 17-amino acid signal peptide, such
as Lucy-Rho-tag, in the N-terminal signal peptide could promote wide-
spread OR surface expression [74]. More recently, it was demonstrated
that replacement of the C-terminal domain of the difficult-to-express
human OR5A2, by an altered-terminal spontaneous mutated sequence
identified fortuitously, conferred to the OR5A2 the ability to be func-
tionally expressed. The optimized sequence led to higher surface
expression and improved sensitivity up to 15 times [75]. In another
study, the optimization of the C-terminal amino acid sequence of OR7C1
led to higher cell surface expression and up to 500-fold improved
sensitivity [76]. Concerning the bitter taste receptor, the first chimeric
construct was obtained with the first 39 amino acids of bovine Rho,
analogously to OR, and led to very effective targeting to the cell surface
of human TAS2R4 [5]. The crystal structure resolution of Rho demon-
strated that the first 36 amino acids correspond to the extracellular
domain [77]. In the functional assay presented in this study, the Rho-tag
sequence, inserted in pcDNA4-MAX, was as effective in enhancing the
TAS2R14 response compared to the control vector
pcDNA5/FRT-SST3-hTAS2R14-HSV, but the promoting effect with SST3
was more important in our own construct in pcDNA4-MAX.

We also used the FLAG-tag system to visualize TAS2R14 expression
by immunostaining. FLAG-tag has become an extensively used tag sys-
tem for identification, primarily for purification by a single-step pro-
cedure, of recombinant membrane proteins expressed in HEK cells [78].
Indeed, tags could overcome some difficulties in protein production by
reducing aggregation, enhancing efficient translation, and increasing
solubility. The small size, hydrophilic nature of sequence peptide,
availability of high-affinity antibodies and ability to remove peptide via
enterokinase cleavable sites make FLAG-tags essential biochemistry
tools [61,79–81]. The only drawback of the FLAG-tag could be a
post-translational modification due to the tyrosine sulfation in the motif
DYK that abolishes the FLAG-anti-FLAG interaction [82]. In this study,

we demonstrated that the C-terminal FLAG-tag position interfered less
with TAS2R14 functionality than the FLAG located in the N-terminal
position. It seemed that the N-terminal FLAG-tag upstream position
decreased the ligand binding affinity of TAS2R14 with aristolochic acid.
This finding might be explained by a possible disturbance on the
extracellular site, also known as the vestibular site, involved in the
binding process and recently brought to light by a molecular dynamic
approach with TAS2R46 bitter taste receptor [83] or OR [84]. Inversely,
the C-terminal position of the FLAG-tag leads to a weak enhancement in
potency, which could be explained by a favourable coupling with pro-
tein G. Indeed, a recent study highlighted the crucial role of the
conserved KLK/R motif in the cytoplasmic C-terminal region of TAS2R4
[85]. Independent of the two highly conserved motifs in TM2 (LxxxR),
inTM5 (LxxSL) or the 13 conserved residues shown to have critical roles
in receptor activation [10,86], the author demonstrated by an alanine
scan mutagenesis that the C-terminal KLK motif in TAS2R4 and, more
precisely, the Lys300 of TAS2R4 is critical for receptor function and that
basic and hydrophobic amino acid residues are important for trafficking
and activation [85]. Compared to TAS2R4, TAS2R14 is composed of 35
amino acids in the C-terminal, and FLAG-tag added negatively charged
residues, which could promote interaction with the G protein. The first
full-length structure of the GPCR/G protein interface obtained for the
β2-AR-Gs complex demonstrated that 20 amino acids in the C-terminal
of Gs are strongly involved in agonist affinity [87]. Thus far, the dy-
namic interaction mechanism between receptor and G protein subtype
selectivity still requires more experiment to clearly understand coupling
specificity. However, a study that tethered β2-AR and different Gαs
terminal peptides demonstrated that even in the control sequence, the
presence of the ER/K polylinker 1- alone at the C-terminal of the GPCR,
2- between the two protein domains, or 3- the use of scrambled peptide
instead of Gs peptide or Gq peptide systematically increased receptor
activity [88]. Thus, we hypothesized that the eight amino acids added by
FLAG-tag in the C-terminal of TAS2R14 weakly contribute to enhancing
its activity through structural stabilization of coupling active in-
teractions between the receptor and endogenous G protein.

Other approaches have been investigated to improve TAS2R func-
tionality, such as the role of accessory proteins serving as chaperones.
Thus, the influence of the receptor transporting protein RTP and the
receptor enhancing protein Reep have been evaluated [89]. Indeed, it
has been previously shown that co-expression of RTP1, RTP2 and Reep1
can improve OR functionality [90], as well as the shorter form of RTP1
(RTP1S) [91,92] or the Myr-Ric-8A [93] and Ric-8B proteins [94,95].
Researchers have demonstrated that the introduction of RTP3 and RTP4
can influence cell surface trafficking and increase amounts of TAS2R16
receptor by 4- to 3-fold, respectively, leading to significant amplification
of TAS2R-mediated signal transduction of the bitter taste receptor
TAS2R16 [89]. Interestingly, RT-PCR analysis of HEK293T-Gα16gust44
revealed endogenous expression of RTP and REEP genes. Interestingly,
heterologous expression of the sweet taste receptor TAS1R2/TAS1R3
and the bitter taste receptors TAS2R16 and TAS2R44 was enhanced by
REEP2 due to the recruitment of the receptor to lipid raft microdomains
[96].

Finally, the ability of the receptor to reach the cell surface may be
affected by glycosylation. Similar to many cell surface proteins, TAS2R
receptors are glycosylated on Asn. Sequence alignment of TAS2R has
shown that the Asn-linked glycosylation residue in a conserved sequence

Table 3
EC50 values and maximal amplitude generated by the TAS1R2 and TAS1R3 constructs in response to two sweeteners, sucralose and neotame.

TAS2R14 construct Sucralose Neotame

EC50 (μM) x-fold Maximal amplitude (%) EC50 (μM) x-fold Maximal amplitude (%)

pcDNA3-TAS1R2/pcDNA4-TAS1R3 84.13 ± 32.75 1.00 0.12 ± 0.01 100 2.28 ± 0.29 1.00 0.15 ± 0.01 100
pcDNA3-MAX-TAS1R2/pcDNA4-TAS1R3 70.53 ± 13.43 1.19 0.18 ± 0.01 150 2.32 ± 0.32 0.98 0.22 ± 0.01 147
pcDNA3-TAS1R2/pcDNA4-MAX-TAS1R3 49.82 ± 11.12 1.69 0.20 ± 0.01 167 1.52 ± 0.28 1.50 0.22 ± 0.01 147
pcDNA3-MAX-TAS1R2/pcDNA4-MAX-TAS1R3 44.76 ± 6.15 1.88 0.24 ± 0.01 200 1.30 ± 0.13 1.75 0.27 ± 0.01 180
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of ECL2 (extracellular loop 2) is conserved among all 25 hTAS2Rs.
Mutation of this conserved sequence decreases receptor surface
expression [97].

In conclusion, the aim of our work was to demonstrate the impor-
tance of the initial construction of GPCR to functionally express them in
large amounts, targeting the cell surface and promoting the active state
in a heterologous HEK293 cell line. Additionally, many other technical
parameters, such as cell seeding, transfection reagent or quantity of DNA
transfected, are involved in GPCR expression in cell lines and should be
explored to optimize functional expression in cell-based assays.
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Visualization. Thomas Delompré: Visualization, Validation, Investiga-
tion. Mathilde Jeannin: Visualization, Investigation. Lucie Moitrier:
Investigation. Fabrice Neiers: Writing – review & editing, Supervision.
Loïc Briand: Writing – review & editing, Supervision, Project admin-
istration, Funding acquisition, Conceptualization.

Funding sources

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors thanks Prof. Meyeyhof for providing the pcDNA5/FRT-
SST3-hTAS2R14-HSV vector.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.pep.2024.106643.

Data availability

Data will be made available on request.

References

[1] L. Briand, C. Salles, Taste perception and integration, in: P. Etiévant, E. Guichard,
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[59] S.E. Jacobsen, U. Gether, H. Bräuner-Osborne, Investigating the molecular
mechanism of positive and negative allosteric modulators in the calcium-sensing
receptor dimer, Sci. Rep. 7 (2017) 46355, https://doi.org/10.1038/srep46355.

[60] P. Wellendorph, N. Burhenne, B. Christiansen, B. Walter, H. Schmale, H. Bräuner-
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