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in the use of diaziridine-based
sweetener derivatives to elucidate the
chemoreception mechanism of the sweet taste
receptor

Makoto Hashimoto, *a Tomoya Nakagita b and Takumi Misaka c

All sweeteners are recognized by the sweet taste receptor (T1R2–T1R3). The elucidation of the

chemoreception mechanism of receptor–ligand interactions is an attractive topic for researchers.

Molecular biology and computational biology techniques can reveal the proposed mechanisms for this

topic. Other approaches, including chemical biology (bioorganic chemistry), have helped to identify

mechanisms on the basis of molecular structure. In this mini-review, we have summarized the recent

progress in the synthesis of sweetener derivatives, which includes the use of photoaffinity labeling of

diazirine-based derivatives to elucidate the chemoreception of sweeteners.
1. Introduction

Five taste modalities have been identied in humans: sweet,
sour, bitter, salty, and umami.1 Sweetness provides a means to
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identify an energy source in the form of carbohydrates. A greater
understanding of the chemoreception mechanism of sweet
taste and the way in which sweet molecules interact with the
sweet receptor will provide food scientists with the knowledge
required to develop new sweeteners.

There are three major approaches to this research, as
summarized in Fig. 1: (I) molecular biology; (II) computational
biology; and (III) chemical biology (bioorganic chemistry).

(I) Molecular biology: the sweet taste receptor is a member of
the family of class C G protein-coupled receptors (GPCRs) and
forms a heterodimeric structure with T1R2 and T1R3 subunits.
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Each subunit has a large amino-terminal domain (ATD) linked
by a cysteine-rich domain (CRD) at the extracellular site to
a seven transmembrane helical domain (TMD).9 The human
heterodimeric sweet taste receptor (hT1R2–hT1R3) responds to
a wide variety of chemical substances, including naturally
occurring sugars, glycosides, D-amino acids, and articial
chemical compounds, such as sucralose, aspartame, and
saccharin.10 Although these sweeteners have various chemical
structures, all the compounds bind to the same sweet taste
receptor.8,11

The sweet taste assay in combination with site-directed
mutagenesis of the sweet taste receptors revealed the impor-
tant amino acid residues for the chemoreception of each
sweetener.

The structural features of the homodimeric metabotropic
glutamate type 1 receptor (mGluR1) have been identied from
X-ray crystal structure analysis, and this was the rst example of
the structure of a class C GPCR.12

(II) Computational biology: computational biology, based on
homology modeling of the metabolic glutamate receptor
(mGluR), can predict the 3D structure for the sweetener-sweet
taste receptor complex.13 The structural homology between the
sweet taste receptor and mGluR1 can predict important amino
acid residues for the sweetener binding site from the muta-
genesis studies and in silico structure modeling. Recent prog-
ress in the in silico analysis of the ligand–receptor binding
modes afforded the useful information for the development of
new sweeteners.

(III) Chemical biology (bioorganic chemistry): structure-
based elucidation of sweeteners was performed to reveal the
interactions of sweeteners with their binding sites. In 1967,
Shallenberger and Acree proposed the AH–B theory for the
structures of sweeteners. The sweetener must contain a glyco-
phore, which consists of a hydrogen bond donor (AH) and
a hydrogen bond acceptor (B) at a distance of 2.5 to 4 Å, and the
glycophore can react with a complementary AH–B site on the
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receptor with a pair of hydrogen bonds.2 The theory was
expanded by a third binding site (x) by Kier3 in 1972 and,
subsequently, eight recognition sites were proposed by Nofre
and Tinti in 1996.4

Based on these ndings, the quantitative structure–activity
relationship (QSAR) of sweeteners in silico is one of the methods
for prediction.5–7 The models are based on the structure of
binding ligands, but do not take into consideration the struc-
ture of the sweet receptor.8

The development of analytical methods for the study of the
mature ligand–receptor binding complex may be one of the
complementary methods to understand the mode of sweet
receptor chemoreception. Chemical biology/bioorganic chem-
istry methods are used to elucidate the ligand–receptor binding
complex.

The elucidation of protein function based on the structure–
activity relationship is a major goal for scientists trying to
understand the mechanisms of biological homeostasis. The
understanding of the mechanism of the molecular interactions
between small bioactive ligands and proteins is an important
for rational drug design and discovery. Chemical methods
provide an alternative route for the direct identication of target
proteins in mixtures of biomolecules, as well as their ligand
binding site structure, because these analyses are based on the
affinity between the ligand and target protein.

Photoaffinity labeling14–17 signicantly increased the specic
capabilities of tagging. Photochemically generated highly
Fig. 2 Photochemical reactions of major photophores used for
photoaffinity labeling.

Fig. 1 Schematic structure of the sweet taste receptor and
approaches to the structural analysis of the sweetener–sweet taste
receptor interactions.

RSC Adv., 2021, 11, 32236–32247 | 32237
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reactive species introduce covalent bonds between the ligand
and protein in a nonselective manner and any amino acid in the
binding site can be tagged.

From these results, the researchers can select the most
suitable approach to determine the sweet taste chemoreception
mechanism, as summarized in Fig. 1.

The choice of photophore for effective photoaffinity labelling
is important. Typically, aryl azide, benzophenone, and aryl
diazirine are used (Fig. 2). Aryl azide is photoactivated by
wavelengths below 300 nm, which sometimes causes damage to
biomolecules, and generates nitrene18 as an active species,
which is sometimes rearranged to the undesirable side product
of ketenimine.19 Benzophenone20 is photoreactivated at wave-
lengths over 350 nm and generates the reactive triplet states of
carbonyl, which regenerates the ground-state carbonyl
compounds and can be re-used for photolabeling; however, the
photophore sometimes requires a long photoirradiation period
for labeling.

Triuoromethylphenyldiazirine21 is also photoreactivated
with by wavelengths over 350 nm and generates carbene, which
is more reactive than other photophores species, rapidly form-
ing crosslinks to biomolecules with short photoirradiation.
Comparative irradiation studies of these three photophores in
living cells suggested that the irradiation to generate the active
species from azide and benzophenone caused cell death during
photolysis because of the long irradiation time needed to
incorporate the photophore to the cell membrane surface. In
contrast, the carbene precursor (3-triuoromethyl)phenyl-
diazirine (TPD) did not promote cell death during the genera-
tion of active species. These results indicated that photoaffinity
labeling with TPD was the most promising strategy for the
investigation of labeled components.

In this mini-review, we have summarized the recent progress
in the synthesis of sweetener derivatives, which includes the use
of the photoaffinity labeling of diazirine-based derivatives to
elucidate the chemoreception of sweeteners.
Fig. 3 Synthesis of trifluoromethylphenyldiazirine-modified sucrose der
60 �C, 24 h, (ii) 4 (2 eq.), Ag2O (3 eq.), MS-4A, CH2Cl2 : n-hexane ¼ 1 : 4

32238 | RSC Adv., 2021, 11, 32236–32247
2. Photoaffinity probes for sweetener
derivatives
2.1. Sucrose

Sucrose, which is found in an abundance of natural sources, is
recognized as sweet; however, not all sucrose and fructose
derivatives are sweet, especially if a substitution is made on one
hydroxyl group. The detailed relationship between the structure
and biological activity has not been completely claried.
Chemical designs are important when photoaffinity labeling is
used to perform a functional analysis of sweetness. It was found
that several sucrose-based oligosaccharides have a sweet taste
and 1-kestose (GF2), which has an additional fructose, was
linked at the 10-position of the fructose unit of sucrose and
acted as a sweetener.22 The results indicated that the 10-position
of the sucrose could accept substitutions. Although selective
esterication of 10-position was achieved by biotransforma-
tion,23 the ester linkage was easily hydrolyzed under physio-
logical conditions and metabolized during analysis. In contrast,
ether (phenoxy) linkages appear more stable than esters for
functional analysis.24 In general, the reactivity of sucrose
primary alcohols toward halogenation was greater for 6- and/or
60-modication, and lower for the neopentyl-like 10-position.25

The Mitsunobu reaction is one of the most popular reactions
for the formation of ether linkages between different alcohols.26

The o- or p-nitro substituted phenols, which contain strong
electron-withdrawing functional groups, were better substrates
for phenoxy modications at the 10-position of heptaacetyl
sucrose (1) over 85% yield. Although the tri-
uoromethyldiazirinyl phenol derivatives (2 and 3) had
moderate electron-withdrawing properties, the Mitsunobu
reaction conditions promoted the decomposition of the dia-
zirinyl three-membered ring and the desired products (4 and 5)
were afforded at a yield of less than 10%. No improvement was
observed for phenoxylation at the 10-position of heptaacetyl
sucrose with various reaction conditions (temperature, amount
of reagents, and reaction time) (Fig. 3A).27
ivatives at the 10-position. (i) 2 or 3, DIAD, Ph3P (each 7.5 eq.), toluene,
, 60 �C, N2, 16 h, (iii) NH3–CH3OH, rt, 12 h.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Synthesis of (3- and 4-trifluoromethyldiazirinyl)-D-phenylalanine derivatives. (i) CsOH, Bu4NBr, CH2Cl2, rt, 12 h, (ii) TFA, rt, 2 h, (iii) L-amino
acid oxidase, pH 7.0, 37 �C, 12 h, (iv) (1) MeLi, (2) tBuLi, (3) CF3CO2Et, toluene,�78 �C, 12 h, (v) (1) NH2OH$HCl, pyridine, 70 �C, 1.5 h, (2) TsCl, TEA,
acetone, rt, 1 h, (vi) NH3 (l), ether, 80 �C, 9 h, (vii) TFA, rt, 8 h.

Table 1 Sweet-taste assay for trifluoromethyldiazirinyl D-phenylala-
nine derivatives. Sweetness potential for known chemicals and
synthetic photoreactive compounds. Representative ratiometric
images of cells, which consist of the calcium ion indicator (fura-2)-
loaded HEK293T cells co-expressing hT1R2–hT1R3 and G16-gust44,
were defined as responding positively when the F340/F380 ratio
increased after addition of the reagent. The degree of cell response,
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However, it has been reported that the more sterically
hindered neopentyl-like 10-hydroxyl modication of sucrose
exhibited the lowest reactivity among the primary hydroxyls in
many reactions,25,28,29 which confers difficulties to the modi-
cation of the 10-position of sucrose.

Benzyl ether modications at the 10-position with benzyl
halide and silver oxide were performed to overcome the lower
reactivity of the 10-hydroxyl group in sucrose.

10-Hydroxy heptaacetyl sucrose 1 and the diazirinyl benzyl
halide derivative 6 were reacted in the presence of Ag2O in
CH2Cl2, which is a common solvent in carbohydrate chemistry.
A large excess of diazirinyl benzyl halide derivative (10 eq.) and
Ag2O (15 eq.) at 60 �C for 24 h afforded a moderate yield (�60%)
for benzylation.30 However, the conditions with large excess
were not suitable for rare benzyl halide derivatives. A detailed
analysis of the reaction mixture revealed that the benzyl alcohol
derivatives were generated under the reaction conditions. The
hydrolysis was inhibited in the hydrocarbon solvents of (cyclo)
hexane and n-pentane. However, the solubility of the carbohy-
drate derivatives was quite low in these solvents. The use of a co-
solvent in (cyclo)hexane and CH2Cl2 (4 : 1) improved the ben-
zylation over 80% in the presence of diazirinyl benzyl halide
derivatives (2 eq.) and Ag2O (3 eq.) at 60 �C under an N2 atmo-
sphere (Fig. 3B).31 Subsequently, deprotection of the acetyl
groups in both 5 and 7 afforded the 10-diazrinyl sucrose deriv-
atives 8 and 9.
represented as the number of positively responding cells at 1.25 mM of
each chemical against the standard response, was normalized to
10 mM aspartame

Normalized response

Aspartame 0.83 � 0.20
D-Tryptophane 0.57 � 0.06
D-Phenylalanine 0.14 � 0.12
D-Phenylalanine (4-dia) 16 0.72 � 0.12
D-Phenylalanine (3-dia) 17 0.97 � 0.02
16 + lactisole 0
17 + lactisole 0
2.2. D-Amino acids

As the receptor distinguishes D- and L-amino acids, with a pref-
erence for D-amino acids,32–34 the structural relationships
between D-amino acids and other sweeteners and the structural
features of D-amino acid derivatives that favor the activation of
the sweet taste receptor have been studied using conforma-
tional analysis by crystallography, NMR analysis, and molecular
modeling. However, it is still difficult to understand the
receptor-bound conformations of the sweeteners, as the
© 2021 The Author(s). Published by the Royal Society of Chemistry
structural information on the ligands complexed with the
receptor is limited.

2.2.1. Phenylalanine. Diazirinyl phenylalanine derivatives
are prepared from the corresponding benzyl bromide deriva-
tives with glycine derivatives (1) under racemic conditions, fol-
lowed by enzymatic resolution; and (2) in an asymmetric
manner with chiral auxiliary and/or sterically hindered amino
acid derivatives. A few cases of the asymmetric synthesis of 4-(3-
triuoromethyl)-diazirinyl L-phenylalanine derivatives have
been reported.35–40 However, D-selective synthesis has not been
reported. 3- or 4-Triuoromethyldiazirinyl benzyl bromide (10
and 6) were condensed with glycine derivative 11 to afford the
phenylalanine skeleton (12 and 13) with moderate yields in
a racemic manner. Aer deprotection, the racemic mixtures (14
and 15) were subjected to enzymatic resolution with L-amino
acid oxidase41 to afford D-isomers (16 and 17) (Fig. 4A).
RSC Adv., 2021, 11, 32236–32247 | 32239
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Recently, our group reported a triuoromethyldiazirinyl
moiety constructed on aromatic chiral phenylalanine deriva-
tives in a stereocontrolled manner. The 3- or 4-iodo derivatives
with an alkaline-stable protecting group at both the N- and C-
termini (18 and 19) were converted to the triuoroacetyl deriv-
atives (20 and 21), which were subjected to oximation and o-
tosylation (22 and 23), successively. One-pot conversion, which
consisted of the construction and oxidation of the diaziridine in
liquid ammonia can be applied to the phenylalanine derivatives
without racemization (24 and 25). The one-pot reaction with
improved reagents, LiNH2, promoted racemization of the a-
amino acid moiety. Acidic deprotection afforded desired prod-
ucts (16 and 17) (Fig. 4B).42 The synthetic route was applied for
the synthesis of deuterated derivatives from the deuterated
phenylalanine derivatives.43 The triuoromethyldiazirinyl D-
phenylalanine derivatives (16 and 17) had stronger sweetness
than unmodied D-phenylalanine and tryptophan, and the
same as that of 1.25 mM aspartame. The responses were drastic
decrease in the presence of lactisole, which is an inhibitor of
sweetness (Table 1).44

A complex model of D-phenylalanine in the ATD of the hT1R2
has been constructed using the crystal structure of the ATD of
the metabotropic glutamate receptor type-1 (mGluR1).12 D-
Phenylalanine was docked into the binding site with a guide of
the salt bond between the amino group of the ligand and
Glu302 of the receptor, which is conserved and crucial in
binding in mGluR1 and was suggested to be crucial for the
binding of some sweeteners, such as aspartame, by mutation
experiments.11 The phenyl group bound a hydrophobic pocket,
which also binds a larger indole moiety of D-tryptophan. The
docking of the designed diazirinyl D-phenylalanines at the same
site suggested that the receptor accepts the diazirinyl moiety in
the binding pocket.44

2.2.2. Tryptophan. Tryptophan is one of the most biologi-
cally signicant metabolites synthesized from indole. Although
the synthesis of tryptophan has been reported from various
aromatics,45 these methods are too difficult to apply to the
diazirinyl derivatives, because of the harsh conditions required
for the construction of tryptophan skeletons. For example, (1)
the Larock heteroannulation or Mori–Ban–Hegedus indole
Fig. 5 Synthesis of (5- and 6-trifluoromethyldiazirinyl)-D-tryptophane de
2 h, (ii) NH2OH$HCl, pyridine, 80 �C, 3 h, (iii) TsCl, TEA, acetone, 0 �C, 1 h
serine, acetic anhydride, acetic acid, 75 �C, 1 h, (2) rt, 1.5 h, (vii) D-amino

32240 | RSC Adv., 2021, 11, 32236–32247
synthesis of an o-iodoaniline skeleton with Schöllkopf
reagent,46 (2) the Heck-type synthesis of an o-iodoaniline skel-
eton with pyroglutamate derivatives,47 and (3) the Fischer indole
synthesis of phenyl hydrazones48 were ineffective when starting
with diazirinyl derivatives, as the diazirinyl moiety was
decomposed during the reactions. The construction of a tri-
uoromethyldiazirinyl moiety on indole at the 5- or 6-position
was started by treating the corresponding bromoindole deriva-
tives (26 and 27) with potassium hydride – t-BuLi followed by
treatment with triuoroacetylated reagents. The tri-
uoroactylation of 5- or 6-bromoindole with ethyl triuoracetate
or triuoroacetyl piperidine improved the yield of the products
(28 and 29), because the leaving groups did not decrease the
basicity of the reaction mixture. The triuoroacetyl groups were
converted to oximes with hydroxylamine hydrochloride in
pyridine (30 and 31), followed by tosylation with tosyl chloride
in triethylamine and acetone at 0 �C. The tosylation with tosyl
chloride in pyridine under reux was not acceptable because
the product was broken down under these conditions. The
isolated yield for 32 and 33 dramatically decreased (yield of
puried tosyl oxime 32: 28%) owing to the instability of the tosyl
oxime of the indole. To avoid the decrease in yield, the tosyl
oximes 32 and 33 were not isolated and the reaction mixtures
were directly subjected to conversion to diaziridine (34 and 35)
with liquid ammonia. This modication drastically improved
the yield (84–87% for the two steps). The oxidation of diazir-
idine to diazirine (36 and 37) with activated MnO2 can occur
without any side reactions in a good yield (80–92%).

Tryptophan has been synthesized from an indole with serine
in acetic acid and acetic anhydride under reux conditions.49 In
the original report, the active species were generated at high
temperatures in the presence of indole derivatives. The diazir-
inyl moieties of 36 and 37 were also decomposed in acetic acid
under reux conditions. The tryptophan skeletons were con-
structed following a detailed analysis of the reaction mixture.
The active species were generated from L-serine, acetic anhy-
dride, and acetic acid in reux conditions without indole
derivatives. The generated active species could react with dia-
zirinyl indoles at low temperature to prevent the decomposition
of the diazirinyl ring. The racemate of diazirinyl N-acetyl
rivatives. (i) (1) KH, tert-BuLi, (2) trifluoroacetyl piperidine, THF, �78 �C,
, (iv) (1) NH3 (l), ether, �78 �C, (2) rt, 6 h, (v) MnO2, ether, rt, 1 h, (vi) (1) L-
acylase, sodium phosphate pH 7.6, CoCl2, 37 �C, 24 h.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Synthesis of o-(3- and 4-trifluoromethyldiazirinyl)benzyl-D-
serine derivatives. (i) NaH (3.3 eq.), DMF, 0 �C, 1 h, (ii) diazirinyl benzyl
bromide 4 or 10 (1.5 eq.), DMF, rt, 15 min, (iii) 4 M HCl–dioxane, rt, 1.5 h.

Fig. 7 Effects of substitution of an aromatic moiety on phenylalanine
on the sweetness of aspartame.
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tryptophan derivatives 38 and 39 was subjected to enzymatic
resolution with D-aminoacylase to afford optically pure diazir-
inyl D-tryptophan (40 and 41) without the decomposition of the
diazirinyl moiety (Fig. 5).50

2.2.3. o-Benzyl-D-serine. D-Serine has been reported to be
a weaker sweetener than the aromatic amino acids (D-Phe and D-
Tyr).51 It was predicted that the bulky substitutions at ß-OH of D-
serine gave acceptable sweet potency from the molecular
modeling of human heterodimeric sweet taste receptors
hT1R2–hT1R3.52 Substituents that afforded hydrophilic inter-
actions between the receptors were preferred at the side chain
of amino acid. The above results led us to synthesize tri-
uoromethylphenyldiazirinyl derivatives for photoaffinity
Fig. 8 Synthesis of trifluoromethyldiazirinyl aspartame derivative. (i) Cl2C
rt, 4 h, (iv) phosphazene base BTPP, o-allyl-N-(9-anthracenylmethyl)chin
MeOH, rt, 8 h, (vii) N-Boc-L-Asp(OtBu)OSu, (i-Pr)2NEt, THF, rt, 8 h, (viii)

© 2021 The Author(s). Published by the Royal Society of Chemistry
labeling. However, bulky substituents must sometimes be
introduced to the parent skeleton. The introduction of the
photophore to the benzene ring of o-benzyl-D-serine appears to
be the minimum substitution for the alterations. Several papers
on the synthesis of o-benzyl-D-ser have been reported by the
chemical53 or enzymatic54,55 resolution of the racemate, and by
the enantioselective synthesis with chiral auxiliary reagents.56

The resolution of the racemate is a waste of the opposite isomer
and the enantioselective synthesis prepares benzyl halomethyl
ether derivatives under acidic conditions to construct the o-
benzyl moiety. It is difficult to apply these synthetic methods to
the triuoromethylphenyldiazirine derivatives and avoid
breaking the triuoromethyldiazirinyl moiety during these
conditions. These disadvantages encouraged us to select other
routes for the synthesis of o-diazirinylbenzyl-D-ser derivatives
under mild conditions (Fig. 6).

Boc-D-serine (42) was chosen for the starting material for the
preparation of the o-benzyl serine derivative. First, the alkoxide
ion generated from the hydroxyl group of a side chain, followed by
the reaction with benzyl halide derivatives. A detailed analysis
revealed that the chemical yield was inuenced by the proportion
of reagents and reaction time for each step. Sodium hydride
treatment was preferred over an hour with 3.3 equivalents and the
benzylation step was optimized within 15 min with 1.5 equiva-
lents of benzyl bromide derivatives at room temperature. There
was no difference in the benzylation between stereoisomers. Boc-
D-serine (42) was treated with NaH (3.3 eq.) in DMF for 60 min,
followed by the reaction with diazirinyl benzyl bromides 4 or 10
(1.5 eq.) within 15 min to afford o-benzyl-D-serine derivatives 43
and 44 with good yields (>85%) (Fig. 5).57
2.2. Aspartame

Aspartame (L-Asp-L-Phe-OMe, 47) is one of the most well-known
articial sweeteners. Based on structure–activity relationships,
the substitution of a methoxy group at the 2-position of
phenylalanine (48) did not reduce the sweetness and 3-substi-
tution also had less inuence on sweet potency compared with
aspartame.58 In contrast, substitution at the 4-position (49)
dramatically decreased the sweetness, and the 4-diazirinyl
HOMe, TiCl4, 0 �C, 1 h, (ii) NaBH4, EtOH, rt, 4 h, (iii) CBr4, Ph3P, CH2Cl2,
chonidium bromide, CH2Cl2, �78 �C, 8 h, (v) TFA, 0 �C, 2 h, (vi) SOCl2,
TFA, 0 �C, 3 h.
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Fig. 9 Synthesis of 5- or 6-trifluoromethyldiazirinyl saccharin deriv-
atives. (i) (1) ClSO3H, TiCl4, �20 �C, 1 h, then rt, 4 h, (2) t-BuNH2,
CH2Cl2, 0 �C, 2 h, then rt, 22 h, (3) H5IO6, CrO3, Ac2O, CH3CN, 0 �C,
0.5 h, then rt, 48 h, (ii) CF3COOH, reflux, 24 h.

Table 2 Sweet taste assay for trifluoromethyldiazirinyl saccharin
derivatives. Sweetness for known chemicals and synthetic photo-
reactive compounds. The degree of cell response, presented as the
number of positively responding cells in response to 10 mM of each
chemical, is normalized to the response to 10 mM aspartame

Normalized response

Saccharin 0.86 � 0.17
Saccharin (6-dia) 64 0.64 � 0.30
Saccharin (5-dia) 65 0.81 � 0.05
64 + lactisole 0
65 + lactisole 0
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aspartame derivative (50) had no sweet taste, as shown in
a pioneering work on diazirine-based photoaffinity labeling.36

These results indicated that the substitution of 2-methoxy-5-
triuoromethyldiazirinyl on phenylalanine (51) maintained
sweetness (Fig. 7).

4-Methoxy-triuoromethylphanyldiazirine (52) was prepared
from 40-methoxy-2,2,2-triuoroacetophenone with general
methods for diazirine construction.59,60 The formyl group was
introduced by a Friedel–Cras reaction with dichloromethyl
methyl ether in the presence of titanium chloride at 0 �C.
Benzaldehyde aldehyde derivative (53) was reduced with
sodium borohydride to afford benzyl alcohol (54), which was
converted to benzyl bromide derivatives (55) with carbon tet-
rabromide and triphenylphosphine. The diazirinyl benzyl
bromide (55) was subjected to asymmetric synthesis with
glycine derivative (9 / 11) in the presence of the phosphazene
base BTPP and catalytic amounts of o-allyl-N-(9-anthrace-
nylmethyl)chinchonidium bromide at �78 �C.61 The condensed
product (12) was slightly decomposed during silica gel-column
chromatography, so the reaction mixture was directly depro-
tected with TFA to afford a new photoreactive L-phenylalanine
derivative (57). The chirality of the synthesized 57 was analyzed
using chiral HPLC, to reveal an ee of over 96%. The diazirinyl
phenylalanine (57) was converted to the methyl ester (58) with
thionyl chloride in methanol, then reacted with N-Boc-L-
Asp(OtBu)-OSu in the presence of diisopropyl ethyl amine at
room temperature, followed by the deprotection of protecting
groups with TFA to afford the new photoreactive aspartame
derivative (51) in good yield (Fig. 8). The synthesized photo-
reactive aspartame derivative 51 was subjected to preliminary
sensory evaluations using a lter-paper disk test.62 The synthetic
compound had lower sweet potency than the parent compound
aspartame, but a slightly higher sweet potency than sucrose.
2.3. Saccharin

Saccharin is one of the most common articial sweeteners in
the world and is several hundred times sweeter than sucrose.
Suami et al. reported on several structure–activity relationships
for saccharin, and found that substitutions at the 5- and 6-
positions in saccharin were tolerated with regards to its bio-
logical activities.63 In addition, some sweet compounds also
interact with other taste modalities. 3-(p- or m-Tolyl)-3-
(triuoromethyl)diazirines (60 and 61) were subjected to
aromatic chlorosulfonation at adjacent positions of the toluene
methyl group with chlorosulfonic acid at �20 �C. The addition
of the strong acid at a higher temperature promoted decom-
position of the diazirinyl ring.43,64 The sulfonyl chloride was
converted to N-alkylated sulfonamide using tBuNH2 at room
temperature. The reaction in the triethylamine and tBuNH2

system both 2 equivalents; experimental conditions reported65

afforded a more complex mixture than that in tBuNH2 only (4
equivalents). Oxidative cyclization with H5IO6 and CrO3

between the methyl group and o-oriented N-tert-butyl sulfon-
amide synthesized the saccharin skeleton (62 and 63).

The purication for each step generated lower isolated yields
for the cyclized compounds 62 and 63 (less than 10%). We
32242 | RSC Adv., 2021, 11, 32236–32247
performed these three steps as one-pot reactions (�30% yields).
The deprotection of the tBu group with TFA under reux
conditions afforded diazirinyl saccharin derivatives (64 and 65,
Fig. 9). The synthesized photoreactive saccharin derivatives
were insoluble in water. We performed further purication of
the synthesized saccharin derivatives by converting them to the
corresponding sodium salts with aqueous sodium hydroxide.

The synthesized photoreactive saccharin derivatives were sub-
jected to preliminary gustatory receptor assays at 10 mM.
Saccharin, compounds 64 and 65 have 90%, 80%, and 65% rela-
tive sweetness activity, respectively, against the same concentra-
tion of aspartame.52,66 The response to the synthetic compounds
was completely inhibited by addition of lactisole, which is one of
the specic inhibitors in the sweet taste assay (Table 2).67

2.4. 2-Propoxyaniline

5-Nitro-2-propoxyaniline (66, Fig. 9) has a sweetness intensity
that is approximately 4000-times greater than that of sucrose
and is commonly considered as one of the strongest articial
sweeteners.68 Despite previous use as an articial sweetener, it
has been banned because of its possible toxicity.69 The mecha-
nism of sweetness and toxicity of 5-nitro-2-propoxyaniline has
still not been studied. There have been only a few studies using
homology modeling to determine the mechanism of action of 5-
nitro-2-propoxyaniline at the gustatory receptor.70,71 According
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04831g


Fig. 10 Substitution effects of the aromatic moiety of the sweetness
of 5-nitro-2-propoxyaniline (66) and its derivatives.

Fig. 12 Asymmetric synthesis of lactisole and (2-(2,4-dichlor-
ophenoxy)propionic acid) derivative. (i) (1) PPh3, CH2Cl2, 0 �C, 10 min,
(2) DEAD, rt, 12 h, (ii) K2CO3, CH3OH, H2O, reflux, 2 h.
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to a previous report,72 3-amino-4-propoxybenzonitrile (67), in
which the nitro group of 66 was substituted by a cyano group,
resulted in almost no decrease in sweetness.

To the best of our knowledge, the synthesis of photoreactive-2-
propoxyaniline derivatives for photoaffinity labeling has not yet
been reported. The introduction of the diazirinyl photophore at
the 5-position of 2-propoxyanilinemay be one possible reaction to
the introduce photophores into the ligand skeleton (Fig. 10).

4-Propoxybenzaldehyde (68) was treated with CF3-TMS73 and
worked up with 1 M HCl to construct the 2,2,2-triuoro-1-
phenylethan-1-ol skeleton (69), then oxidized with Dess–
Martin periodinane74 to afford the triuoroacetophenone
derivative (70) in excellent yield. Nitration of compound (70)
with fuming HNO3 in acetic anhydride at 0 �C proceeded
selectively (71). The triuoroacetyl moiety was converted to the
corresponding oxime (72) and o-tosyloxime (73) to diaziridine
(74) using a general method.75 The reduction of the nitro group
with Na2S2O4 (ref. 76) to amine (74) occurred more quickly than
oxidation of diaziridine (75) to diazirine (76) (Fig. 11).77
3. Photoaffinity probes for inhibition
(negative allosteric modulation) of the
sweet taste receptor
3.1. Lactisole ((�)-2-(4-methoxyphenoxy)-propionic acid)

Lactisole, which is known as an inhibitor (negative allosteric
modulator; NAMs) of the human sweet taste receptor, has a 2-
phenoxypropionic acid skeleton and has been shown to interact
Fig. 11 Synthesis of 2-propoxy-5-trifluoromethyldiazirinyl aniline derivat
periodinane, TFA, CH2Cl2, rt, 12 h, (iii) HNO3, Ac2O, 0 �C, 40min, (iv) NH2O
6 h, (vii) Na2S2O4, THF, EtOH, H2O, rt, 1 h, (viii) MnO2, ether, rt, 1 h.

© 2021 The Author(s). Published by the Royal Society of Chemistry
with the transmembrane domain of the T1R3 subunit (T1R3-
TMD) of the receptor. Lactisole was rst isolated from roasted
coffee beans,78 and has naturally occurring optical isomers
owing to the lactic acid structure present in the molecule. In
general, L-lactic acid [(S)-lactic acid] is more abundant in plants
than D-lactic acid, so the (S)-isomer of lactisole is predominant
in roasted coffee beans.79

The parent skeleton, 2-phenoxypropanoic acid, is found in
several phenoxy herbicides, such as 2-(2,4-dichlorophenoxy)
propanoic acid (dichlorprop, 2,4-DP) 2-(4-chlorophenoxy)prop-
anoic acid (4-CPP),80 and the (R)-isomers that have predomi-
nantly herbicide activities. Racemic lactisole and 2,4-DP (2-(2,4-
dichlorophenoxy)propionic acid) are also used as NAMs for the
sweet taste receptors owing to their specic interaction with
T1R3-TMD;80 thus, the detailed functional analysis of the ster-
eocenter may be important to elucidate the mechanism of sweet
taste chemoreception.

The key steps in the construction of a lactisole and 2,4-DP
skeleton in an asymmetric manner are achieved by the Mitsu-
nobu reaction of 4-methoxyphenol (77) or 2,4-dichlorophenol
(78) and optically pure methyl lactate (79), followed by hydro-
lysis to afford optically pure lactisole (82) and 2,4-DP (83),
respectively (Fig. 12).

The (S)-isomers of both lactisole and 2,4-DP showed potent
inhibitory activities with the following IC50 values: 20 mM for (S)-
lactisole, 2.6 mM for (S)-2,4-DP, and 45 mM for (R)-2,4-DP. (R)-2,4-
ive. (i) (1) TMS-CF3, CsF, THF, rt, 4 h, (2) 1 M HCl, rt, 6 h, (ii) Dess–Martin
H$HCl, pyridine, 80 �C, 3 h, (v) TsCl, TEA, 0 �C, 1 h, (vi) NH3 (l), ether, rt,

RSC Adv., 2021, 11, 32236–32247 | 32243
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Fig. 13 Asymmetric synthesis of 3- and 4-trifluoroacetyl lactisole
derivatives. (i) LiCl, DMF, reflux, 5 h for 86, BBr3, CH2Cl2, rt, 2 h for 87,
(ii) (1) PPh3, CH2Cl2, 0 �C, 10 min, (2) DEAD, CH2Cl2, rt, 8 h, (iii) K2CO3,
MeOH, H2O, reflux, 2 h, (iv) t-BuBr, K2CO3, tetrabutylammonium
bromide (TBAB), DMA, 55 �C, 5 h.
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DP was over 10-fold less effective than (S)-2,4-DP, and (R)-lacti-
sole exerted almost no inhibition at millimolar concentrations.
These results were consistent with both point mutations of
T1R3 affinity measurements and simulations for molecular
dynamics-based energy minimization in silico. The detailed in
silico analysis indicated that the o-substitution of the phenol
moiety may play an important role in the strong inhibitory
activity.81

Triuoromethyldiazirine-based lactisole derivatives have not
yet been reported. The three membered azi (N N) partial struc-
ture of triuoromethyldiazirine is not stable in the Mitsunobu
conditions because the reactant, DEAD, also has azo group in
the structure. The reaction with diazirinyl phenol derivatives
and 10-hydroxy peracetylsucrose with DEAD or Tsuda reagents
Fig. 14 Asymmetric synthesis of 2-trifluoroacetyl lactisole derivative. (i)
H2O, reflux, 2 h, (iii) t-BuBr, K2CO3, TBAB, DMA, 55 �C, 5 h, (iv) CH3I, NaH
HCl, rt, 4 h, (3) Dess–Martin periodinane, CH2Cl2, rt, 3 h.

Fig. 15 Asymmetric synthesis of trifluoromethyldiazirinyl lactisole deriv
DMAP, CH2Cl2, rt, 45 min, (iii) NH3 (l), Et2O, rt, 12 h, (iv) MnO2, CH2Cl2, r

32244 | RSC Adv., 2021, 11, 32236–32247
did not proceed in our previous study.27 The synthetic plan was
based on the preparation of triuoroacetyl modied on the
aromatic ring of lactisole, and then the construction of a dia-
zirinyl-three membered ring on the triuoroacetyl group. The
liquid ammonia reagent is essential for the construction of
diazirine moiety, but the reagent also reacts with a methyl ester
to form amide; tert-butyl ester was utilized for this purpose.

p-Triuoroacetyl anisole 84was treated with lithium chloride
under reux condition to obtain triuoroacetyl phenol 86.77 m-
Triuoroacetyl phenol 85 was synthesized with boron tri-
bromide at room temperature. The Mitsunobu reactions for
these phenols with chiral methyl lactate were performed in an
identical manner to construct lactisole methyl ester skeletons
88 and 89. The hydrolysis of methyl esters with K2CO3 under
reux conditions yielded the corresponding triuoroacetyl-
substituted carboxylic acids 90 and 91, which were difficult to
convert diazirine directly. The carboxylic acids were converted
to tert-butyl esters with tert-butyl bromide in the presence of
K2CO3 and TBAB under reux conditions. Although the reac-
tions were not completed within 5 h, the decomposition of the
diazirinyl moiety of the starting material was observed over 5 h.
tert-Butyl derivatives 92 and 93 were obtained in moderate
yields and the starting materials were recovered from the reac-
tion mixture (Fig. 13). Mitsunobu reactions for triuoroacetyl
phenol 86 and 87 with the chiral tert-butyl lactate were also
conducted, but no reactions were observed.

2-Triuoroactyl phenol, which was prepared by the Fries
rearrangement of phenyl 2,2,2-triuoroacetate with AlCl3,82 was
subjected to the Mitsunobu reaction with chiral methyl lactate
79 and did not afford 2-triuoroacetyl lactisole skeleton. The
Mitsunobu reaction of salicylaldehyde and methyl lactate 79
(1) 79, PPh3, CH2Cl2, 0 �C, 10 min, (2) DEAD, rt, 8 h, (ii) K2CO3, MeOH,
CO3, CH3CN, H2O, rt, 24 h, (v) (1) TMS-CF3, K2CO3, DMF, rt, 4 h, (2) 1 M

atives. (i) H2NOH$HCl, pyridine, EtOH, 60 �C, 12 h, (ii) tosyl chloride,
t, 2 h, (v) CF3COOH, CH2Cl2, rt, 4 h.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 IC50 (mM) inhibitory concentrations of synthetic lactisole
derivatives

(RS)-lactisole 82 82 � 0.44 (S)-112 12 � 0.067
(S)-82 20 � 4.3 (R)-112 250 � 1.8
(R)-82 nd (S)-113 19 � 0.14
(RS)-2,4-DP 83 7.9 � 0.067 (R)-113 250 � 1.7
(S)-83 2.6 � 0.51 (S)-114 37 � 0.28
(R)-83 45 � 6.1 (R)-114 300 � 1.8

Fig. 17 Photoreactive bitter substance derivatives.
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followed by conversion of the aldehyde to the triuoroacetyl
group also failed owing to the instability of the methyl ester
under the conditions for triuoroacetyl construction.

Thioacetal-protected salicylaldehyde 94 (ref. 83) was selected
for triuoroacetyl substitution at the 2-position of lactisole.
Compound 94 was subjected to the Mitsunobu reaction with
chiral methyl lactate 79 to construct the lactisole methyl ester 95
in an identical manner to that described above. Aer hydrolysis
of methyl esters with methanolic NaOH under reux condition,
the carboxylic acids 96 were converted to lactisole tert-butyl
ester 97, and then deprotected with methyl iodide. The alde-
hyde 98 was treated TMS-CF3 and then oxidized with Dess–
Martin periodinane to afford 2-triuoroacetyl-substituted lacti-
sole tert-butyl ester 99 (Fig. 14).

Each triuoroacetyl-substituted lactisole tert-butyl ester (92,
93, 99) was subjected to diazirine construction, oximation with
hydroxylamine hydrochloride 100–102, tosylation of the oxime
103–105, diaziridine formation in liquid ammonia 106–108,
and oxidation with activated MnO2 to obtain 109–111, which
were examined for their chiral center conguration. The tert-
butyl esters were hydrolyzed with TFA to afford
triuoromethyldiazirine-based lactisole derivatives 112–114 in
good yields (Fig. 15).

Human sweet receptor assays for diazirine-containing lacti-
sole derivatives revealed that (S)-isomers at the 4- and 3-position
of lactisole derivatives 112 and 113 had identical affinity to
optically pure (S)-lactisole 82. These results indicated that
photoaffinity labeling with synthetic lactisole derivatives would
be useful for the functional analysis of the sweet taste receptor
(Table 3).84
Fig. 16 Photoreactive sweetener derivatives containing azide or
benzophenone.

© 2021 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

There are many challenges to elucidating the sweet taste
chemoreception mechanism using photoaffinity labeling,
which is one of the chemical biology/bioorganic chemistry
methods. Other photophores (phenylazide and benzophenone)
have also been utilized for phenylalanine 115 (ref. 85) o-benzyl-
D-serine 116–119 (ref. 57) 2-propoxyaniline 120, 121 (ref. 77) and
lactisole 122–127 (ref. 84) (Fig. 16).

It is oen observed that photophore substitution reduces the
sweet taste properties of the photoreactive benzophenone and
phenylazide derivatives. The introduction of the triuoromethyl
diazirinyl group on the aromatic moiety of sweeteners has
become the rst choice for this functionality.

Photoaffinity labeling strategies have also been developed to
elucidate the bitter taste receptors, which are mediated by the
T2R family of GPCRs. Photoreactive salicin 128–129 (ref. 86, 87)
and phenylthiourea 131–136 (ref. 88) and highly concentrated
saccharine derivatives will be used in bitter taste assays to
elucidate the chemoreception mechanism (Fig. 17).

The combination of analysis techniques from molecular
biology, computational biology, and chemical biology will play
a key part in our understanding of gustatory chemoreception.
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