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ARTICLE INFO ABSTRACT

Keywords:

Isofloridoside (IF) is a naturally occurring galactosylglycerol compound with a refreshing sweet taste. It is found

GPCR in red algae, where it acts as a photosynthetic intermediate. However, the mechanism by which IF elicits

Taste receptor
T1R2

T1R3
Floridoside

Pyropia yezoensis

sweetness has not been determined. In this study, we investigate the interaction between IF and the sweet taste
receptor TIR2/T1R3. We show that IF causes an increase in intracellular Ca?* concentration and an increase in
Erk phosphorylation in TIR2/T1R3-expressing HEK293T cells, indicating that IF interacts with TIR2/T1R3. IF
also activates endogenously expressed TIR2/T1R3 in mouse small intestinal endocrine L-cells, and promotes the

secretion of the incretin glucagon-like peptide-1 (GLP-1). In silico docking simulations of IF and T1R2/T1R3
predict that IF forms hydrogen bonds with Tyr103 in the extracellular Venus flytrap domain of T1R2. This result
is consistent with the binding mode of many other sweet-tasting molecules. We found that IF have the potential

as a new alternative sweetener.

1. Introduction

We sense sweetness via a heterodimeric receptor complex composed
of taste receptors type 1 member 2 (T1R2) and taste receptor type 1
member 3 (T1R3), which are present in the cells of our taste buds. T1R2
and T1R3 are class C G-protein coupled receptors (GPCRs), but are also
classified as metabotropic glutamate receptors (mGluRs), GABAg re-
ceptors, and V2R pheromone receptors (Chandrashekar et al., 2006).
The receptors are only responsive to sweet-tasting substances after
forming the TIR2/T1R3 heterodimer (Nelson et al., 2001). When the
heterodimer binds to sweet-tasting substances, it activates and transmits
a sweet taste signal to the brain. Both TIR2 and T1R3 receptors are
composed of a 7-transmembrane domain (TMD), a cysteine-rich domain
(CRD), and an N-terminal domain (NTD), which contains a large
extracellular domain. An extended pocket-shaped region on the NTD,
called the Venus flytrap domain (VFD), plays an important role in the
recognition and binding of a wide variety of sweet-tasting substances,
including proteins, amino acids, small molecules, and various

high-molecular weight compounds (DuBois, 2016; Nuemket et al.,
2017).

GPCRs are associated with heterotrimeric G-proteins; upon receptor
stimulation, the G-protein dissociates into its component subunits (a, f,
and y), which transmit downstream signals within the cell. Taste bud
cells express both TIR2/T1R3 and the characteristic heterotrimeric G-
protein gustducin (Stone et al., 2007). The a-subunit of gastducin
(Gogysy) is required for TIR2/T1R3 signal transduction. TIR2 and T1R3
are widely distributed in the digestive tract, pancreas, brain, and have
many other roles besides taste recognition (Kohno, 2017); (Lee & Cohen,
2014) Gogys; is expressed in the stomach, duodenum, pancreatic ducts,
intestinal and endocrine cells (Stone et al., 2007).

Low-calorie artificial sweeteners, such as acesulfame K (Ace K) and
aspartame, are widely used in foods and in the management of type 2
diabetes mellitus (Li et al., 2011). However, there are concerns that
artificial sweeteners may stimulate lipogenesis and cause addiction and
carcinogenesis (Simon et al., 2013). Therefore, the development of new
natural sweeteners with improved safety profiles is required. In this
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Fig. 1. Structures of IF, sweet-tasting substances, and sweetness inhibitor.
Structures of sweeteners (Ace K, sucralose, aspartame, and cyclamate), sweet-
ness inhibitor (Lactisole), and isofloridoside (IF). Ace K, sucralose, and aspar-
tame bind to the large, extracellular VFD of T1R2 (Masuda et al., 2012), while
cyclamate binds to the TMD of T1IR3 (Winnig et al., 2007). Interestingly, lac-
tisole also binds to the TMD of T1R3, but suppresses sweetness (Galindo-Cus-
pinera et al., 2006).

study, we focus on isofloridoside (IF), a low molecular weight carbo-
hydrate from the red algae Pyropia yezoensis (Colin & Guéguen, 1930),
(H. Noda, H, Abo, & Horiguchi, 1981) which is commonly used to
produce nori. IF is a galactosylglycerol (a galactose molecule is con-
nected to a glycerol backbone) (Putman & Hassid, 1954) and acts as a
photosynthetic intermediate. (Kirst & Bisson, 1979); (Bean & Hassid,
1955). It has been reported that IF reaches the large intestine without
being digested or absorbed. It is therefore a zero-calorie molecule that is
not absorbed by the small intestine for use as energy. In addition, it acts
as a prebiotic that improves the intestinal environment. (Muraoka et al.,
2008); (Ishihara et al., 2010) In our experience, IF has a sweet taste with
a refreshing quality. However, the mechanism by which IF elicits
sweetness and its interaction with TIR2/T1R3 have not been investi-
gated. Here, we elucidate the physiological action of IF as a sweetener.

2. Materials and Methods
2.1. Materials

Polyethylenimine (PEI) and lactisole were obtained from Polyscience
Inc. (Warrington, PA, USA) and Cayman Chemical Company (Ann
Arbor, MI, USA), respectively. Dried sheets of nori were a kind gift from
Kumamoto Prefectural Federation of Fisheries Cooperative. Acesulfame
K, HHBS, and other chemicals were purchased from FUJIFILM Wako
Pure Chemical Corporation, (Osaka, Japan), unless specified otherwise.
All reagents were of the highest purity commercially available.
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2.2. Preparation of isofloridoside

Isofloridoside (IF) was prepared as previously reported (Simon-Colin
et al., 2002). Briefly, dried sheets of nori were disrupted in a
MeOH/CHCl3/H30 (12/5/3, v/v/v) mixture, and the supernatant was
obtained by centrifugation for 5 min at 5000xg. The supernatant was
evaporated, and the resulting residue was redissolved in distilled water
and partitioned by passing through a column of cationic resin
(AG®50—X8 hydrogen form, BioRad, Berkeley, CA, USA) and anionic
resin (AG®1—X8 hydroxide form, BioRad) to remove ionic molecules.
The passed fraction was dried and dissolved in distilled water. Ethanol
was added to a final concentration of approximately 89%. The solution
was left to sit at 4 °C for 2 weeks to induce the crystallization of IF. The
isolated crystals were identified as IF by nuclear magnetic resonance
(NMR) analysis, and their purity (>95%) was assessed by GC-MS, as
described by U. Karsten et al. (Karsten & West, 2000)

2.3. Cell culture

The HEK293T cell line was obtained from Riken BRC, and cultured in
Dulbecco’s modified Eagle’s medium (D-MEM, Sigma Aldrich Co., St.
Louis, MO, USA) supplemented with 10% fetal bovine serum. The STC-1
(CRL-3254) cell line was obtained from the American Type Culture
Collection (ATCC) and cultured in D-MEM (Sigma) supplemented with
5% fetal bovine serum and 5% horse serum (Rindi et al., 1990).

2.4. Plasmid design

The signal sequence (1-57) of Human T1R2 (NM_152232) was
removed and cloned into the p3XFLAG-CMV23 plasmid (Sigma) to
construct a TIR2 expression vector with a preprotrypsine signal
sequence and a FLAG epitope tag at its N-terminus. The signal sequence
(1-90) of IL6 (NF_011640) was cloned into the pcDNA3.1 nV5 plasmid
(Invitrogen), ahead of the sequence encoding the V5 epitope, to
construct pcDNA3.1 IL6-nV5. The T1R3 sequence, excluding the signal
sequence (1-60), was cloned into this vector to construct a T1R3
expression vector with the signal sequence of IL6 and a V5 epitope tag at
its N-terminus. Human gustducin (NM_001102386) was also cloned into
pcDNA3.1nV5 to construct an expression vector.

2.5. Western blotting

The T1R2, T1R3, and gustducin expression plasmids were trans-
fected into HEK293T cells using polyethylenimine (PEI) as previously
reported (Nagasawa et al., 2018). After 24 h, the medium was changed
to serum-free DMEM. The cells were cultured for another 6 h and then
treated with 10 mM IF, Ace K, or HHBS for 10 min. The cells were
harvested and lysed with a buffer composed of 50 mM Tris-HCl buffer,
pH 7.5, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.25% sodium deoxy-
cholate, 1 mM EDTA, PhosSTOP™ (Roche Diagnostics, Basel, Switser-
land), and Complete™ EDTA-free (Roche Diagnostics). The proteins
were separated by SDS-PAGE, and western blotting was performed as
previously described (Nagasawa et al., 2020). Chemiluminescence was
monitored using LuminoGraph I (ATTO Corp., Tokyo, Japan), and the
signals were quantified by CS Analyzer (ATTO Corp.) in accordance with
the manufacturer’s instructions. The primary antibodies used were:
phosphor-p44/42 MAP kinase antibody and p44/42 MAP kinase anti-
body (Cell Signaling Technology, Danvers, MA, USA). The secondary
antibodies used were: anti-mouse F (ab’)-HRP and anti-rabbit F
(ab’)-HRP (Medical & Biological Laboratories, Tokyo, Japan).

2.6. Measurement of intracellular Ca®>* concentration
The intracellular Ca%t concentration was measured using the cal-

cium indicator Calbryte 520 a.m. (AAT Bioquest, Sunnyvale, CA, USA),
in accordance with the manufacturer’s instructions (Nagasawa et al.,
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Fig. 2. IF-induced intracellular Ca®* elevation in a sweet taste receptor TIR2/
T1R3-dependent manner.

(A) Changes in intracellular Ca®>* were measured using the Ca%* probe Cal-
bryte™ 520-AM. Expression plasmids for TIR2, T1R3, and gustducin, or the
pCMV23 plasmid (mock), were introduced into HEK293T cells. On the
following day, CalbryteTM 520-AM was introduced into the cell. While
measuring the fluorescence, IF was added to a final concentration of 10 mM
using an injector (arrow). Full details are described in the Experimental section.
Error bars represent SD from 4 independent experiments; *p < 0.05 versus
Mock. (B) Area under the curve (AUC) values were calculated from experiment
A. The white bars indicate HEK293T cells expressing T1R2, T1IR3, and gust-
ducin; The grey bars indicate HEK293T cells transfected with mock plasmid.
Error bars represent SD; *p < 0.05 versus Mock. (C) Detection of Erk phos-
phorylation by western blotting, a downstream event of TIR2/T1R3 activation.
The expression plasmids for T1IR2, T1R3, and gustducin were transfected into
HEK293T cells. After addition of IF, Ace K, or HHBS, phosphorylation of Erk
was examined by western blotting. The intensity of the signals were quantified
and expressed as the ratio of phosphorylated Erk/Erk. Error bars represent SD
from 4 independent experiments; *p < 0.05 versus HHBS treatment. All sta-
t‘istical analysis was done using Student’s t-test.

2020). The fluorescence was measured using an Infinite F200 PRO
microplate reader (TECAN Group Ltd., Switzerland) with an excitation
wavelength of 488 nm and an emission wavelength of 510 nm. Ace K
(10 mM), IF (10 mM),HHBS, or lactisole (4 mM) were added using an
injector attached to the device at indicated times.

2.7. qPCR experiment

The total RNA of STC-1 cells was extracted using TRIzol™ reagent
(Themo Fisher Scientific Inc., Waltham, MA, USA) and the cDNA was
prepared using ReverTra Ace qPCR RT Master Mix with gDNA Remover
(Toyobo Co., Ltd., Osaka, Japan) in accordance with the manufacturer’s
instructions. qPCR analysis was performed using Thunderbird SYBR
gPCR mix (Toyobo Co., Ltd.) on a Light Cycler 96 System (Roche Di-
agnostics). The following primers were used: T1R2, forward 5'-
GTCCGCTGCACCAAGCA-3' and reverse 5-GTTCGTCGAAGAA-
GAGCTGGTT-3’; T1R3, forward 5'-TCAGAGCTTGCCCGCATTACAG-3'
and reverse 5-TGTGCGAAGAAGGATGGA-3’; GAPDH, forward 5'-
CATCACTGCCACCCAGAAGACT-3' and reverse 5-ATGCCAGT-
GAGCTTCCCGTTCA-3".

2.8. Engyme-linked immunosorbent assay of GLP-1

STC-1 cells were cultured in 24-well plates. The medium was
changed to DMEM, without glucose (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) and supplemented with 1 mM sodium py-
ruvate and 4 mM t-glutamine for 6 h. The culture medium was collected
60 min after the addition of Ace K (10 mM), IF (10 mM), a—linoleic acid
(ALA, 25 pM) or HHBS. The amount of GLP-1 in the medium was
determined using a GLP-1 ELISA kit (FUJIFILM Wako Pure Chemical
Corporation), in accordance with the manufacturer’s instructions
(Nagasawa et al., 2020).

2.9. In silico simulation

We constructed 3D-structure models of TIR2 (NP_689418.2), T1R3
(NP_689414.2), and the T1R2/T1R3 heterodimer using AlphaFold 2.0
(Jumper et al., 2021). The models were visualized using PyMol Graphics
System, version 2.5 (Schrodinger, Inc.) (https://pymol.org/2/). Auto-
Dock 4.2 (Forli et al., 2016) (https://autodock.scripps.edu/download-a
utodock4/) was used to build the docking models for IF and TIR2/T1R3.
Molegro Molecular Viewer 2.5 (https://molegro-molecular-viewer.so
ftware.informer.com/2.5/) was used to analyze the binding site and
hydroxyl bond length of the obtained docking model (Thomsen &
Ghristensen, 2006).


https://pymol.org/2/
https://autodock.scripps.edu/download-autodock4/
https://autodock.scripps.edu/download-autodock4/
https://molegro-molecular-viewer.software.informer.com/2.5/
https://molegro-molecular-viewer.software.informer.com/2.5/

M. Akishino et al

A) (B)
100
90 | *
o 80 F _I_ 20 --O--Ace K —@—IF
===}
£ 70 > 200 | o
%% 60 | ZGISO | [ )
£0 24 i oo
sz S0 E[E 100 | ',' g
<% L o
zz ¥ 53 50| ]
% 2 30 2%
o
S 2t EE 0 4
10 = S0r b0000
0 -100 L " . )
TIR2 TIR3 0 20 40 60 80 100
Time (sec)
© D)
200 X3 3 200 = —
150 L
§ § 150
8 100 § 100 |
g g
é 50 é 50 b
1) 2]
5 , [ 5, |
» FIN J
> >
< 50 f < 50}
-100 100
HHBS AceK lactisole HHBS IF lactisole

Fig. 3. IF-induced intracellular Ca®" elevation via the activation of endogenous
T1R2/T1R3 in STC-1 cells.

(A) Expression levels of T1IR2 and T1R3 in STC-1 cells were examined by qPCR
as described in the Experimental section. *p < 0.05 (B) Changes in intracellular
Ca®" were measured using the Ca?" probe Calbryte™ 520-AM in STC-1 cells, as
described in the Experimental section. The black arrow represents the time
point of IF and Ace K addition and the white arrow represents the time point of
lactisole addition. In experiment B, the average fluorescence intensity during
20 s after from the addition of Ace K, IF, or lactisole, was calculated and plotted
(C and D). Error bars represent SD from 4 independent experiments; **p < 0.01.
All statistical analysis was done using Student’s t-test.

3. Results

3.1. IF-induced intracellular Ca®" elevation in a sweet taste receptor
T1R2/T1R3-dependent manner

The T1R2/T1R3 sweet taste receptor interacts with various mole-
cules, which bind to different regions of the receptor (Fig. 1). The
binding of molecules with various structures to different regions of the
receptor makes it challenging to find common structural motifs. IF is a
natural product that has a refreshing sweet taste. However, the mech-
anism by which IF transmits sweetness has not been clarified. In this
study, we examine the physiological action of IF.

To examine whether IF acts on TIR2/T1R3, we measured the change
in intracellular Ca?* in cultured cells as described in Materials and
Methods. A rapid increase in intracellular Ca®>" was observed after
addition of IF (Fig. 2A, arrow). However, almost no increase in Ca®*
concentration was observed in the cells that were transfected with a
control plasmid. IF therefore increased the intracellular Ca?" in a re-
ceptor T1R2/T1R3-dependent manner (Fig. 2A and B). Ace K, a well-
known sweetener, also increased the intracellular Ca** concentration
ina T1R2/T1R3-dependent manner (Fig. 2B) and to a higher extent than
IF. Ace K is an artificial sweetener that is 200 times sweeter than sucrose
and known to be a potent TIR2/T1R3 activator. In addition, IF increased
the phosphorylation of Erk, which is a downstream component of the
T1R2/T1R3 signaling pathway that is phosphorylated upon receptor
activation (Fig. 2C). In summary, IF increased the levels of intracellular
Ca?* and Erk phosphorylation, which suggests that IF interacts with
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Fig. 4. IF promotes the secretion of GLP-1 from STC-1 cells

One hour after adding IF, Ace K, or ALA to STC-1 cells, the medium was
collected and the amount of GLP-1 was quantified using ELISA, as described in
the Experimental section. Error bars represent SD from 3 independent experi-
ments; *p < 0.05. Statistical analysis was done using Student’s t-test.

T1R2/T1R3 to transmit sweet taste.

3.2. IF-induced intracellular Ca®* elevation via the activation of
endogenous T1R2/T1R3, and promotes the secretion of GLP-1 in STC-1
cells

In recent years, it has become clear that sweet taste receptors are
expressed in various organs of the body and play important roles
(Kohno, 2017); (Lee & Cohen, 2014). In the gastrointestinal tract, they
work as nutrition sensors and are critical to the secretion of incretins, a
group of metabolic hormones (Jang et al., 2007). Incretins have various
functions, including the suppression of appetite and the stimulation of
insulin secretion, many of which have anti-obesity and anti-diabetic
effects. For instance, the incretin GLP-1 has potent anti-diabetic activ-
ity. Inhibitors of the GLP-1 degrading enzyme DPP4 are marketed as
treatments for type 2 diabetes mellitus (Cahn et al., 2016).

To explore the physiological function of IF in the gastrointestinal
tract, we used mouse small intestinal endocrine L-cells (STC-1 cells),
which are capable of secreting GLP-1. Although a significant difference
in expression level was observed between T1R2 and T1R3, we confirmed
that the STC-1 cells expressed both TIR2 and T1R3 at sufficient levels
(Fig. 3A). The addition of both IF and Ace K caused a rapid increase in
intracellular Ca®*t levels (Fig. 3B, black arrow). Lactisole, a naturally
occurring carboxylic acid possessing a hydrophobic phenoxyl group, is
known to inhibit sweetness and the umami taste by binding to the TMD
of T1R3 (Galindo-Cuspinera et al., 2006) (Fig. 1). The addition of lac-
tisole to the same cells caused a rapid decrease in intracellular Ca?*
levels (Fig. 3B, white arrow; Fig. 3C and D). These results clearly
demonstrate that IF and Ace K increase intracellular Ca®" levels by
interacting with T1IR2/T1R3, which is endogenously expressed in STC-1
cells.

One hour after the addition of IF, we found that the level of GLP-1 in
the medium had significantly increased (Fig. 4). Free fatty acid receptor
4 (FFAR4) is known as a major receptor involved in GLP-1 secretion in
the gastrointestinal tract (Hirasawa et al., 2005). IF acted on TIR2/T1R3
to induced GLP-1 secretion with a comparable intensity to ALA induced
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Fig. 5. Predicted 3D structure and docking simulation of TIR2/T1R3 and IF
The 3D structures of T1R2 (A), T1R3 (B), and the TIR2/T1R3 complex (C) were
predicted with AlphaFold 2.0 and visualized with PyMOL. These models are
colored according to the pLDDT score: high pLDDT scores are shown in red. The
docking models of IF with each 3D receptor model were prepared by AutoDock,
and the details of the interactions were analyzed with Molegro Molecular
Viewer. We obtained two docking models (D and E). IF forms two hydrogen
bonds with Tyr103 (2.72 A and 2.47 A) in model D, and one hydrogen bond
with Pro245 (3.02 ;\), and three hydrogen bonds with Tyr103 (2.68 10\, 2.47 ;X,
and 2.76 10\) in model E. Full details of the in silico simulations are described in
the Experimental section. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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FFAR4 activation (Fig. 4).

3.3. A docking simulation of TIR2/T1R3 and IF showed that IF forms
hydrogen bonds with Tyr103 and Pro245 of the VFD of TIR2

Finally, we performed in silico docking simulations to determine how
IF interacts with TIR2/T1R3. We used AlphaFold 2.0 to predict the
structure of TIR2, T1R3, and the TIR2/T1R3 complex (Fig. 5A, B, C).
The pLDDT values, which indicate the reliability of the 3D model, were
85 for T1R2, 86 for T1R3, and 79 for the TIR2/T1R3 complex model.
Regions with high pLDDT values, which correspond to high reliability,
are shown in red in the figure. We were able to construct a highly reli-
able model in the region where sweet-tasting compounds are known to
bind (VFD of T1R2 and TMD of T1R3) (Fig. 5C). A docking model of IF
and 3D models of the receptor were prepared by AutoDock, and the
details of the interactions were analyzed by Molegro Molecular Viewer.
Multiple binding modes were predicted by the docking simulation, all of
which involve IF binding to the extracellular domain (VFD) of T1R2. For
example, IF forms two hydrogen bonds with Tyr103 and one hydrogen
bond with Pro245 in the binding mode shown in Fig. 5D, and three
hydrogen bonds with Tyr103 in the binding mode shown in Fig. 5E.
Many of the predicted hydrogen bonds are 3 A or less in length, which is
consistent with experimental observations of hydrogen bond length.
Comparing the two models, the model in Fig. 5E forms a stronger
hydrogen bond, which can be consider stable. Many other sweet-tasting
molecules are also predicted to bind to the VFD of TIR2. Ace K is ex-
pected to form hydrogen bonds with Asp307, Asp142, Asp278, Ser165,
Tyr103, and Pro277; sucralose with Glu302, Asp142, Tyr103, Asp278,
Asp307, and Pro277; and aspartame with Glu302, Ser144, Aspl42
Tyr103, and Asp278 (Masuda et al., 2012). Tyr103 plays an important
role in all of these interactions. It is therefore encouraging that Tyr103 is
involved in the IF binding modes predicted by the docking simulation.

4. Discussion

In this study, we determined that IF, found in Pyropia yezpensis, in-
teracts with the sweet taste receptor T1R2/T1R3. This elucidates, for the
first time, the physiological mechanism by which IF acts as a sweetener.
It has been reported that IF is not digested or absorbed; it mostly reaches
the large intestine, where it acts as a prebiotic, improving the intestinal
environment. These suggest that we cannot use IF as nutrition and
convert it into energy. Although it remains to be studied in detail, IF has
a potential as a zero-calorie natural sweetener. Additionally, we found
that IF promotes GLP-1 secretion via TIR2/T1R3 activation. Because the
majority of IF reaches the small intestine in its original form, it is ex-
pected to interact with TIR2/T1R3 in the small intestinal endocrine L-
cells, thereby promoting the secretion of GLP-1. The induction of GLP-1
secretion with IF would be beneficial in treating obesity and type 2
diabetes mellitus. Previously, we reported that phytosphingosine, found
in yeast cell membranes, and teadenol A, found in microbially fermented
tea, activate FFAR4 to induce GLP-1 secretion (Nagasawa et al., 2018,
2020). Both of these compounds are zero-calorie molecules. There may
be many more molecules that activate incretin signaling and maintain
systemic homeostasis. These molecules may be part of our diet without
our being aware of their beneficial properties.

We performed docking simulations of IF and T1R2/T1R3, and
showed that IF forms hydrogen bonds with Tyr103 and Pro245 of the
VFD of T1R2. As detailed above, other sweeteners are also predicted to
form hydrogen bonds with Tyr103. Tyrl03 may therefore be an
important residue in the receptor interaction with sweet-tasting sub-
stances. The remaining amino acids in the binding interaction are
dependent on the ligand. These differences may contribute to the subtle
differences in sweetness among substances. For instance, Ace K has a
strong sweetness, while IF has a low sweetness with a refreshing quality.

In summary, we determined that IF interacts with TIR2/T1R3 to
elicit a sweet taste and to induce GLP-1 secretion in the small intestine.
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These results indicate that IF holds promise as an alternative sweetener
for patients with diabetes and obesity.
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