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ABSTRACT: Many flavonoids and isoflavonoids have an undesirable bitter taste, which hampers their use as food bioactives.
The aim of this study was to investigate the effect of a large set of structurally similar (iso)flavonoids on the activation of bitter
receptors hTAS2R14 and hTAS2R39 and to predict their structural requirements to activate these receptors. In total, 68
compounds activated hTAS2R14 and 70 compounds activated hTAS2R39, among which 58 ligands were overlapping. Their
activation threshold values varied over a range of 3 log units between 0.12 and 500 M. Ligand-based 2D-fingerprint and 3D-
pharmacophore models were created to detect structure—activity relationships. The 2D models demonstrated excellent predictive
power in identifying bitter (iso)flavonoids and discrimination from inactive ones. The structural characteristics for an
(iso)flavonoid to activate hTAS2R14 (or hTAS2R39) were determined by 3D-pharmacophore models to be composed of two
(or three) hydrogen bond donor sites, one hydrogen bond acceptor site, and two aromatic ring structures, of which one had to be
hydrophobic. The additional hydrogen bond donor feature for hTAS2R39 ligands indicated the possible presence of another
complementary acceptor site in the binding pocket, compared to hTAS2R14. Hydrophobic interaction of the aromatic feature
with the binding site might be of higher importance in hTAS2R14 than in hTAS2R39. Together, this might explain why OH-rich
compounds showed different behaviors on the two bitter receptors. The combination of in vitro data and different in silico
methods created a good insight in activation of hTAS2R14 and hTAS2R39 by (iso)flavonoids and provided a powerful tool in
the prediction of their potential bitterness. By understanding the “bitter motif”, introduction of bitter taste in functional foods

enriched in (iso)flavonoid bioactives might be avoided.
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Bl INTRODUCTION

Phenolic compounds, such as flavonoids and isoflavonoids, are
the focus of health research. Isoflavonoids mainly occurring in
legumes, such as soybeans, have been associated with
prevention of some cancers, cardiovascular disease, menopausal
complaints, and osteoporosis." Flavonoids occur in many
different plants and are widely present in our diet. Among
others, they might play a role in the reduced incidence of
cancer and cardiovascular diseases.”® Unfortunately, many
(iso)flavonoids have a negative impact on sensory perception as
they can taste bitter.* The bitter taste of soybean isoflavones
has been described in several sensory studies.”® Recently, we
showed that several soybean isoflavones activated the human
bitter taste receptors hTAS2R14 and hTAS2R39 and partially
elucidated the isoflavonoid substitution pattern favorable for
activation of both receptors.”

Bitter taste receptor hTAS2R14 is known to be activated by a
large number of compounds originating from different chemical
classes.” " For hTAS2R39, on the other hand, a rather
moderate number of agonists have been reported,””'*™'” and
this receptor seemed to be less broadly tuned than hTAS2R14.”
Recently, hTAS2R39 has been reported to be activated by tea
catechins,"* which belong to the group of flavonoids.
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There are also numerous flavonoids that do not traditionally
occur in our diet and for which the taste is often not known. It
is hypothesized that the bitter taste characteristics can be
predicted once the molecular signatures of (iso)flavonoids for
activation of hTAS2R14 and hTAS2R39 are known. Originat-
ing in pharmaceutical science, the concept of molecular
modeling gains importance in food science'® and might be
employed in facilitating such predictions. A 2D-fingerprint
model is based on a binary representation of a molecule in
which each bit indicates the presence or absence of a molecular
fragment."” A 3D-pharmacophore model operates with a set of
features together with their relative spatial orientation, which
relates to a set of chemical features in a molecule. These
features are recognized by amino acid residues in the receptor
binding site with complementary functions, ultimately explain-
ing that molecule’s biological activity.””*' Recently, Ley et al.**
described a pharmacophore model that, on docking in a
hTAS2R10 structural model, allowed identification of a
masking agent for the bitter taste of caffeine. Furthermore,
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ligand-based pharmacophore modeling has been agflied to
understand structure—activity relationships of odors™ and to
explain interactions between flavor compounds and pS-
lactoglobulin.**

The objective of the present study was to study the behavior
of flavonoids toward activation of hTAS2R14 and hTAS2R39.
Their activation would indicate that the compounds tested have
a bitter taste. To this end, a large subset of flavonoids, or
flavonoid analogues, were tested, and the threshold and ECs,
values of the active compounds were determined. A second
objective was to investigate the chemical space of flavonoids,
and isoflavonoids, in relation to the activation of bitter
receptors hTAS2R14 and hTAS2R39. By linking the receptor
activation with the compound’s molecular structure, 2D-
fingerprint models and ligand-based 3D-pharmacophore
models for each of the two bitter receptors were established.
These models map the structural requirements for ligands with
an isoflavonoid, flavonoid, or similar structure for these two
receptors. Altogether, they distinguish active from inactive
(iso)flavonoids and enable predicting bitterness of similar
compounds with unknown taste properties.

B MATERIALS AND METHODS

Receptor Assays. Materials. Compounds tested were purchased
from Indofine Chemical Co. (Hillsborough, NJ, USA), Extrasynthese
(Genay, France), Sigma-Aldrich (Steinheim, Germany), Brunschwig
(Amsterdam, The Netherlands), Bioconnect (Huissen, The Nether-
lands), or WAKO (Neuss, Germany). The majority of compounds
were >99% (18 compounds), >98% (44 compounds), or >97% (15
compounds) pure. Compounds 38 and 71 were >96% pure; 22, 39,
43, 45, 50, 51, 59, 70, 78, and 94 were >95% pure; 33, 54, 56, 74, 79,
80, and 88 were >90% pure; and 37 was >85% pure. Each compound
was dissolved in DMSO (Sigma-Aldrich) to a 100 mM stock
concentration. Trypan blue solution (0.4% w/v) was purchased from
Sigma-Aldrich.

Tyrode’s buffer (140 mM NaCl, S mM KCl, 10 mM glucose, 1 mM
MgCl,, 1 mM CaCl,, and 20 mM Hepes, pH 7.4) with 0.5 mM
probenecid (Sigma-Aldrich) was used for dilution of compound—
DMSO stock solutions and for calcium imaging assays. All compounds
were tested for autofluorescence and toxic effects on the cells used at a
concentration of 1 mM as described before,” without observed
abnormalities.

In Vitro Assessment of hTAS2R14 and hTAS2R39 Activation by
Intracellular Calcium Release. Activation of bitter taste receptors
expressed in HEK293 cells leads to release of intracellular Ca®*.*® This
was measured using the fluorescent calcium dye Fluo-4-AM (2.5 uM,
Molecular Probes, Eugene, OR, USA) in a FlexStation II 384 or
FlexStation III (Molecular Devices Corp., Sunnyvale, CA, USA) for 90
s (excitation 485 nm/emission 520 nm). The expression of hTAS2R14
and hTAS2R39 in HEK293 cells, the maintenance of the cells, and the
measuring procedure were performed as reported earlier.”

In total, a set of 97 compounds are described in this study, of which
19 isoflavonoids were reported in our earlier publication,” and 78 other
compounds were tested additionally. Stock solutions of test
compounds were prepared in DMSO and diluted to the appropriate
concentration in Tyrode’s buffer, not exceeding a DMSO concen-
tration of 1% (v/v). Screening of hTAS2R14 and hTAS2R39 for
activation was performed at 500 uM concentrations of test
compounds. In case of activation, test compounds were measured at
concentration ranges up to 1 mM to establish dose—response curves.
Noninduced cells, not expressing the bitter receptors, were always
measured in parallel to verify specificity of receptor activation. As
positive controls for receptor activation, in each plate duplicate
measurements with epicatechin gallate’* for hTAS2R39 or with
naphthoic acid® (or genistein) for hTAS2R14 were performed. All
experiments were conducted in duplicate on two or more different
days. Some compounds were not completely soluble at high

concentrations and, therefore, their real potency might be under-
estimated.

Calcium Assay Data Processing and Statistical Analysis. Data
processing and statistical analysis were done as reported previously.”
SoftMax Pro 5.4 software (Molecular Devices Corp.) was used to plot
the fluorescence signals. The fluorescence value (AF/F,), representing
receptor activity, was calculated by subtracting the baseline
fluorescence (F,) prior to loading from the maximum fluorescence
(F) after addition of the bitter compounds, divided by the signal of the
baseline to normalize background fluorescence.”® Besides the response
of induced cells, also the response of noninduced cells (not expressing
the bitter receptor) was measured as negative control for every
compound at every concentration on the same plate. In cases that a
nonspecific signal occurred, the respective compound was considered
as active when the signal of the induced cells was significantly higher
than that of the negative control cells (P = 0.05). The signal intensity
of noninduced cells was taken at the reading point at which the signal
of the induced cells was maximal. Threshold values of the agonists
toward receptor activation were determined as first concentration
showing significant difference to the baseline and to the response of
noninduced cells. Differences were considered to be significant at P <
0.0S, using a t test (two-sided, nonpaired) (SAS 9.2, Sas Institute Inc.,,
Cary, NC, USA). Dose—response curves were established as nonlinear
regression curves using Graph Pad Prism (version 4 for Windows,
Graph Pad Software, San Diego, CA, USA). The error bars reflect the
standard error of the mean (SEM). ECy, values were calculated for
compounds that reached a maximum in the dose—response curve
(after subtraction of the response of noninduced cells, if applicable).
For compounds that evoked high nonspecific signals at higher
concentrations, only the data for the appropriate concentrations are
shown in the figures.

Modeling. 2D-Fingerprint Modeling. 2D modeling was performed
using Pipeline Pilot v8.0, (Accelrys, San Diego, CA, USA). The
chemical structures of the 97 compounds tested were derived from the
SMILES (simplified molecular-input line-entry system) notations
(Supporting Information S1). Results at the screening concentration
of 500 uM were used. Compounds showing ambiguous results (22
compounds for hTAS2R14; 21 compounds for hTAS2R39) were
excluded. This resulted in 75 and 76 compounds suitable for modeling
of receptor activation of hTAS2R14 and hTAS2R39, respectively. The
majority of these compounds were used for model building (training
set), containing both active and inactive compounds, whereas ~10% of
the structurally most diverse compounds were excluded from model
building for validation purposes (test set).

The optimal fingerprint model was obtained by building numerous
models based on different fingerprint types. This optimization was
done with the training set, using the Bayesian interference method and
leave-one-out settings.'”*” Three-fold cross-validations were per-
formed to evaluate the models, in which ranking of the best models
was primarily based on the receiver operating characteristic (ROC)
scores (see Supporting Information S2—S4). The highest ranking
models were further validated by the test sets, resulting in the final
model selection. ECFP-10 and ECFP-8 fingerprint models were
selected for hTAS2R14 and hTAS2R39, respectively. Their ROC
scores were close to 1, which indicated excellent accuracy. Extended-
connectivity fingerprints (ECFP) use charge and hybridization of the
atom (extended (E)) and connectivity (C)) and return a list of
fragments present in the molecule,'’® of which in this case the
maximum diameters of a fragment were 10 and 8 bond lengths,
respectively.

For identification of key molecular features for bitter receptor
activation, 20 “good” (G) and 20 “bad” (B) fingerprint fragments were
calculated for each model. Each of them has a Bayesian score. If this
score is positive, the likelihood that the fragment is a member of the
active subset increases and vice versa. A selection of four illustrative
fragments is shown under Results; the full list is specified in the
Supporting Information (S5—S9).

3D-Pharmacophore Modeling. 3D-pharmacophore modeling was
performed using Discovery Studio v3.1 (Accelrys). In contrast to 2D-
fingerprint modeling, a training set for 3D-pharmacophore modeling is
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based on only a few highly active compounds. The selection for
pharmacophore training ligands on bitter receptor activation was based
on activation thresholds, as ECs, values were not available for all
(iso)flavonoids. Compounds were categorized by their threshold
values into highly active (threshold < 32 uM), moderately active
(threshold > 32—500 M), and inactive compounds (not active up to
500 #M) (Table 2). Twenty-four compounds for hTAS2R14 and 20
compounds for hTAS2R39 showed ambiguous results or high
nonspecific signals and were excluded from modeling. Besides low
threshold, the training ligands had to be diverse in backbone structure
and substitution pattern. Seven highly active compounds were chosen
as training ligands for each receptor (Table 1). One of the training
ligands selected for building the hTAS2R39 pharmacophore was an
anthocyanidin and required special attention. Due to the pH
dependence of the anthocyanidin structure (shifting equilibria between
flavylium cation structure, quinoid tautomers, hemiketal, and
chalcone),”®** multiple forms were included for modeling.

Training compounds were subjected to internal strain energy
minimization and conformational analysis (maximum number of
conformers = 200; generation type, best quality; energy range = 10
keal/mol above the calculated global minimum). Using the hiphop and
hiphop refine algorithms of Discovery Studio, the chemical features
optimized for exploring the spatial pharmacophore map of this group
of compounds were “hydrogen bond acceptor”, “hydrogen bond
donor”, “hydrophobic aromatic”, “hydrophobic aliphatic”, and “ring
aromatic”. The “hydrophobic aromatic” feature describes an aromatic
ring that is hydrophobic, the spatial orientation of which is irrelevant.
The “ring aromatic” feature describes an aromatic ring that can be
hydrophobic or hydrophilic, depending on its substitutions.
Furthermore, the plane of this aromatic ring has a fixed orientation
toward the receptor binding site. The pharmacophore models were
trained with qualitative data, and thus the features are not weighed,
and the relevance of each feature was considered as equal. The quality
of mapping is described by fit values. A feature that maps exactly on
the respective atom has a fit value of 1, and a feature that does not map
has a fit value of 0. The fit values and relative energies of all
compounds are summarized in Supporting Information S1. Mapping is
done by rotation and translation of the molecule to optimize the
superimposition of the molecule on the features; meanwhile,
additionally the torsion angles are altered whereby the maximal
relative energy should not exceed 10 kcal/mol, compared to its
optimal energetic state of 0 kcal/mol.

The pharmacophore protocol created 10 hypotheses for each run.
These hypotheses were analyzed to find the optimal model.
Hypotheses were scored on the basis of the confusion matrix table,
ROC plots, rank score, direct hit/partial hit, and maximal fit value
(additional information given in Supporting Information S10—S14).
The optimization involved variation of features and/or locations to
optimize sensitivity and specificity of the structure-based activity
prediction.

Pharmacophore building for ligands of hTAS2R14 resulted in a five-
feature pharmacophore, whereas for ligands of hTAS2R39, it resulted
in a six-feature pharmacophore. In the case of the model built for
hTAS2R14, a ligand had to map all five features to be predicted as
active, whereas in the case of the model built for hTAS2R39, ligands
were allowed to map five of six features, without disqualifying them as
active. Quality of mapping and correctness of predictions were
analyzed with a heat map (Supporting Information S15—S16).

B RESULTS

Compound Selection and Qualitative Screening for
hTAS2R Activation. Ninety-seven compounds were screened
for activation of bitter receptors hTAS2R14 and hTAS2R39, on
the basis of variation in backbone structure and their
substitution pattern (Table 1). One example is shown in
Figure 1A. 6,7-Dimethoxyflavone (11) clearly activated
hTAS2R14, whereas it did not activate hTAS2R39. All test

compounds were categorized as “+7, “=7, and “+”, depending

on their extent of receptor activation. The latter designation
was given when results were ambiguous even after three
repetitions in duplicate. In vitro results identified 60
compounds that activated hTAS2R14 and 67 compounds that
activated hTAS2R39 at the screening concentration of 500 ;M.
In contrast, 15 compounds did not activate hTAS2RI14,
whereas 9 compounds did not activate hTAS2R39. The
remaining compounds could not be unambiguously classified
at the screening concentration (Table 1).

Dose—Response Behavior of Selected (Iso)flavonoids
on hTAS2R14 and hTAS2R39. All (iso)flavonoids (or
similar) that activated one or both of the two bitter receptors
at the screening concentration were measured at different
concentrations to establish dose—response curves, the thresh-
old and EC values of which are summarized in Table 1. Their
threshold values varied over a range of 3 log units between 0.12
and 500 uM. Although many compounds activated both bitter
receptors, the threshold concentrations for each individual
receptor sometimes varied. For example, resveratrol (95)
(Figure 1B) had a threshold value with hTAS2R14 of 16 yM
and an ECg; value of 30.3 uM, whereas with hTAS2R39 these
were 63 and 109 uM, respectively. An even larger difference in
bitter receptor activation was observed for epigallocatechin
gallate (59) (Figure 1C), with a threshold of 32 uM and an
ECy, of 161 yM for hTAS2R39 and a threshold of 250 uM for
hTAS2R14. The ECg, value for hTAS2R14 could not be
calculated. Other compounds showed almost identical behavior
toward both bitter receptors. For example, scutellarein (23;
Figure 1D) activated both receptors from 8 uM onward with
EC,, values of 35.0 and 40.3 uM for hTAS2R14 and
hTAS2R39, respectively.

Influence of Small Structural Changes on Bitter
Receptor Activation. Small structural changes had different
effects on receptor activation. A few examples for hTAS2R39
are shown in Figure 2. Phloretin (70) and naringenin (50) have
the same A- and B-ring substitutions, but differ in an open and
closed C-ring, respectively (Figure 2A). Nevertheless, both
compounds have the same threshold of 8 yM and differ only
slightly in ECg, values (41.3 uM for 70 and 32.9 uM for 50). In
this case, the change of the C-ring structure had a small effect.
In contrast, eriodictyolchalcone (65) and luteolin (20),
differing similarly in C-ring configuration, showed different
behaviors in receptor activation (Figure 2B). The thresholds
were 16 uM for 65 and 0.5 uM for 20, whereas the ECy, values
were 55.5 uM for 65 and 7.3 uM for 20.

In some cases, similar effects were observed for variation in
the B-ring structure. For example, the structural difference
between eriodictyol (43) and homoeriodictyol (46) did not
affect receptor activation (Figure 2C). For other compounds, a
change in B-ring substituents had an effect, for example,
comparing luteolin (20) (two OH-groups on the B-ring, highly
active) to tricetin (24) (three OH-groups on the B-ring,
threshold = 250 uM, curve not shown). Figure 2D compares
three flavones that vary in A-ring substitution, 3',4’,7-
trihydroxyflavone (27), 6-methoxyluteolin (22), and luteolin
(20), with effects on threshold (16, 8, and 0.5 uM, respectively)
and ECg, values (141, 22.9, and 7.3 uM, respectively).

There was no obvious universal relationship between
structural denominator and activity. Considering the large
number of compounds tested, modeling was employed to
detect structure—activity relationships.

2D-Fingerprint Modeling. The best separation between
active and inactive compounds was achieved by the ECFP-10
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g & E and ECFP-8 fingerprint models for hTAS2R14 and hTAS2R39,
o £y ol E respectively. Figure 3 displays the predictions for the complete
RIS 35 set of training and test molecules used for modeling. The
% § ] ECFP-10 model for hTAS2R14 agonists predicted 93% of all
J oz = Eoof2 compounds correctly. Two compounds were falsely predicted
© © £ 8 g-g E as active, and three compounds were falsely predicted as
":Q geE 2 inactive. The ECFP-8 model for hTAS2R39 agonists predicted
. Ql:ﬁ 25<5 96% of all compounds correctly. One compound was falsely
o =] . . .
& "S P ‘é & Z predicted as active and two compounds were falsely predicted
e gy g o
g g g% as inactive.
: R = To identify key molecular features involved in bitter receptor
S > = O =] y P
a 5 88 So'% activation, “good” and “bad” fingerprint fragments were
M ﬁ% £ & established (see Supporting Information SS—S9), of which a
7 T eE gh. selection of four illustrative fragments is shown here for the
? § ii'; @ -—; hTAS2R14 model (Figure 4). On the basis of the fragments it
o&q% § S £ 2 was observed that the flavanones and isoflavones were likely to
2.5 . . .
—2< 938 trigger hTAS2R14. Flavones could activate this receptor as well
5~ g = Q%= g, 4
R g % % © g: £ £ but there were fragments within some flavones assigned to the
iy =1 “« » . .
é T 2% < bad” fragments, implying that some flavones caused less or no
S ES9E activation. Methoxylation and glycosylation seemed to impair
el \ o B . . . .
ol "T"l & 2\; %c% activation of this receptor. Receptor hTAS2R39 had a high
o g fy 2 E3 probability of activation by flavanones and flavonols and
\JE g 5% & showed a similar behavior toward flavones as compared to
EES w3 hTAS2R14. Methoxylation fi t t beneficial f
g S o83 . Methoxylation fragments were not beneficial for
o = j% + _g g § activation by isoflavonoids. Glycosylation was not an obvious
<EIE 23 bad feature for this receptor. The fingerprint fragments helped
7 g gg’h P §§ in understanding which molecular features were obviously
oT g ;3 ‘é’o e favorable and unfavorable for receptor activation were, but it
3T é\’g = g was not possible to develop a most common substructure.
R A CI? ié £ 8 In conclusion, the 2D models possessed excellent predictive
é g?ff.’ £ 8 g value for identification of bitter (iso)flavonoids activating
g g‘o‘;f’\ g ; = hTAS2R14 or hTAS2R39, but did not give sufficient insight
o w
= — & a3 l R into understanding of the general molecular signature involved
2 - g: g5 g in bitter receptor activation of (iso)flavonoids. Therefore, 3D
o 'i‘é 293 “ £ modeling was used as a next step in understanding which
% s 2 § T = F 587 gbg § chemical characteristics influence bitter receptor interaction.
E He 2824 3D-Pharmacophore Modeling. The structural require-
2|4 - 2 ) %09 = % ments for (iso)flavonoids to activate hTAS2R14 were best
: =) [8)
o 8 & F §8 g ?“5 = described by a five-feature pharmacophore (Figure SA), of
F%’ g2 S which all five features had to be mapped. It comprised two
-
A o o 8 .8 %og g8 hydrogen donor features, one hydrogen acceptor feature, one
e coo- v % = %‘.g =& “hydrophobic aromatic” feature, and one “ring aromatic”
_sz*ﬁ © 9 Té: 2 ‘ég teature. The ROC plot area under the curve value was 0.751
(=} T . . .
SElr o o 3 \:/”'1 3 g $ g (for confusion matrices and ROC plots, see Supporting
g %\:‘: §€ 8 Information S11—S14). This model was able to correctly
N + 4+ 4+ E=S<°-EF redict the activation or absence of activation of two-thirds o
1k 2"{‘“1‘3_2 predict the activati b f activation of two-thirds of
v 7] . . .
g% §5 %f 2 8 the ligands and performed better for highly active than for
cE |+ + + + gQ %:‘)08 oy moderately active compounds (the division into threshold
?E%% o % groups is shown in Table 2). Of the highly active compounds,
S w g n §988L 70 81% were predicted correctly, but for the moderately active
5 C}O :g:“o\. = compounds this was 52%. Two-thirds of the inactive
_ECE9 3 d dicted correctly. The reason behind and
== 378 28 compounds were pre y.
NERS :@ £ remedy for incorrect predictions will be discussed in another
SE5EE section
80 g.cv .
BB ;5)0 %9 The best results for modeling the activation of h-TAS2R39 by
s F’g TZg®e (iso)flavonoids were achieved with a six-feature pharmacophore
§ é g " g i (shown in Figure SB), which allowed the ligands to map five of
g £ 2 & s = 25 six features. It comprised three hydrogen donor features, one
= o « . . »
g ° CTEETET hydrogen acceptor feature, one “hydrophobic aromatic” feature,
S 888 E< p « »
© % B % $Y% 2T < E&E and one “ring aromatic” feature. The ROC plot area under the
- 8§ 552 ;- 5858 . . . o\
Ecs222£E Os8ea curve value was 0.873 while returning nine false positives and
2 22cEsEE 55T EE hree fal ives. This model was abl % of th
< T 352858028284 three false negatives. This model was able to map 84% of the
= SC3F28EE compounds correctly. Divided into threshold groups, 94% of
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Table 2. Classification of Ligands into Threshold Groups Highly Active (<32 gM), Moderately Active (>32—500 uM), and

Inactive (Not Active up to 500 gM)“

hTAS2R14 hTAS2R39
true false true false
activity total + - + - total + - + -
high 27 2 - - s 35 33 - - 2
moderate 23 12 - - 11 28 21 - - 7
inactive 23 - 15 8 - 14 - 11 3 -

“For 3D-pharmacophore modeling, the number of ligands per threshold group is given for hTAS2R14 and hTAS2R39 and subdivided by their
model prediction into true/false positives/negatives. Several compounds measured were not included in the modeling.
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Figure 1. Effect of S00 #M 6,7-dimethoxyflavone (11) on hTAS2R14 (solid black line) and hTAS2R39 (solid red line) and on the corresponding
noninduced cells, not expressing the bitter receptors (dashed black line) and (dashed red line) (A); dose—response curves of resveratrol (95) (B),
epigallocatechin gallate (59) (C), and scutellarein (23) (D) on both bitter receptors hTAS2R14 (M) and hTAS2R39 (A).

the highly active compounds, 75% of the moderately active
compounds, and 79% of the inactive compounds were
predicted correctly.

Visualization of Mapped Molecules. In Figure 6A, the
pharmacophore for hTAS2R14 ligands is shown including the
mapped molecule luteolin (20). The features of the
pharmacophore almost precisely mapped the respective atoms
of the flavonoid. This was reflected in an excellent fit value of
4.9, very close to the maximal attainable fit value of S. The
molecule was mapped with a relative energy of 0.14 kcal/mol,
meaning that it required little energy to fit the conformation of
the molecule into the pharmacophore. Compound 78 (7,4'-
dimethoxy-S-hydroxyisoflavone) was unable to activate
hTAS2R14, which is illustrated by suboptimal mapping (Figure
6B). One hydrogen bond donor feature did not map at all,
which is indicated by a darker shade of pink in this feature than
when the feature mapped. The structure of 7,4'-dimethoxy-5-
hydroxyisoflavone (78) was applied with the relative energy 6.4
kcal/mol. So even with rotation, translation, and torsion, and
despite a reasonable fit value of 2.1, the molecule did not map,
in accordance with the compound being inactive. Often, high fit
values indicate good mapping, but low fit values do not
necessarily mean mismapping of molecules. As long as all
features are met somehow, a bad fit value can still lead to
activation. This is, for example, the case for 7,8,4'-

10461

trihydroxyisoflavone (91), which has a fit value of 0.8, but
still maps the features and activates the receptor.

In Figure 6C, kaempferol (35) is mapped on the
pharmacophore for hTAS2R39. The points in the middle of
the sphere and the position of the respective atoms were close
to each other. The mapping of the ligand was good, which is
reflected in a fit value of 5.0 (of 6 maximum attainable). Figure
6D shows an inactive flavonoid on hTAS2R39, namely, 4'-
hydroxy-6-methoxyflavone (18). As shown by the darker shade
of pink, two of the three hydrogen donor features did not map
at all.

To illustrate the influence of the absence of a C-ring, the
mapped molecules for a chalcone (butein (60)) and a stilbene
(resveratrol (95)) are depicted in Figure 6, panels E and F,
respectively. As a result of the flexibility of butein (60), it
mapped most of the features of the hTAS2R39 very well, except
for the shifted hydrogen bond acceptor feature, resulting in a
good fit value of 4.8. Its relative energy used for modeling was
very low (0.08 kcal/mol).

Although the aromatic rings of resveratrol (95) are in closer
proximity to each other than in flavonoids, it mapped the
hTAS2R14 pharmacophore with all five features (fit value = 3.6,
relative energy = 0.06 kcal/mol), indicating that the
pharmacophore model might also be applicable to compounds
that are structurally similar to flavonoids. Thus, a small variation

dx.doi.org/10.1021/jf403387p | J. Agric. Food Chem. 2013, 61, 10454—10466
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Figure 3. Predictions of 2D-fingerprint models with true positives, true
negatives, false positives, and false negatives (in percentage) for
hTAS2R14 (n = 75) and hTAS2R39 (n = 76) ligands.
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Figure 4. Selected “good” (positive Bayesian score) and “bad”
(negative Bayesian score) fingerprint fragments for hTAS2R14.

in distance might have a minor influence on binding. This is not
self-evident, as the length of a molecule can be crucial for
receptor activation, which can be observed for estrogen
receptor agonists.30

Furthermore, the C-ring seems to be of less influence for
bitter receptor activation than the A- and B-rings. This is

coherent with the observations in our previous study on
isoflavonoids,” showing that the hydroxylation positions on A-
and B-rings were more crucial for activation than the exact
structure in the center (e.g, C-ring) of the molecule.

B DISCUSSION

(Iso)flavonoid Agonists of hTAS2R14 and hTAS2R39
and Their Effects on Bitter Taste Receptors and Taste
Perception. Among aglycones, catechins are the most
important group of flavonoids occurring in our diet. We
identified catechins as agonists of two bitter receptors,
hTAS2R14 and hTAS2R39. Previously, only activation of
hTAS2R39 was reported."* On hTAS2R39, we identified
thresholds of ECG, EGCG, EC, and EGC to be 32, 32, 250,
and 500 uM, respectively. Previously reported thresholds were
between 10 and 30 uM for all four catechins.'* Thus, our
thresholds for galloylated catechins were in the same range as
the previously reported thresholds, but we observed by a factor
of 10 higher thresholds for the nongalloylated catechins. The
same trend applied to the observed ECy, values on hTAS2R39.
We obtained ECy values of 150.6 and 161.2 uM for ECG and
EGCQG, respectively, and values for EC and EGC could not be
calculated within the suitable concentration range (ECs, values
reported by Narukawa'* for ECG, EGCG, EGC, and EC were
88.2, 181.6, 395.5, and 417.7 uM, respectively). In another
recent publication,'® EC was identified as an agonist for three
bitter receptors: hTAS2R39 (threshold = 1 mM, ECy, = 3.8
mM), hTAS2R4 (threshold = 2 mM, ECg, = 30.2 mM), and
hTAS2RS (threshold 1 mM, EC, = 32 mM). We
additionally identified hTAS2R14 (threshold = S00 yM; no
ECs, determined). Thus, differences are reported between the
various Dbitter receptor assays, which might be caused by

10462 dx.doi.org/10.1021/jf403387p | J. Agric. Food Chem. 2013, 61, 10454—10466
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Figure S. Pharmacophores for hTAS2R14 (A) and hTAS2R39 (B).
The colors of the spheres represent the following features: pink,
hydrogen donors; green, hydrogen acceptors; blue, hydrophobic
aromatic; and yellow, ring aromatic. The green rectangle represents a
plane within a ring structure. The small spheres indicate the presence
of the feature on the ligand, and the large spheres indicate the possible
position of the amino acids on the receptor, interacting with this
feature. The direction of interaction is shown with an arrow. The
numbers represent the distance between the features in angstroms.

differences in experimental conditions. It should also be noted
that in vitro threshold values reported in the elevated
micromolar or in the millimolar range are very high, and, for
example, in the case of EC in green tea, are unlikely to
contribute to the bitter taste of the product.

Among the many new agonists of hTAS2R14 and hTAS2R39
reported in this study, some compounds were known as bitter
before (e.g, taxifolin, resveratrol), some compounds had
unknown taste properties (e.g, synthetic flavonoids), and
three compounds were previously reported as bitter taste
maskers (homoeriodictyol, eriodictyol, and phloretin®**"). We
identified homoeriodictyol and eriodictyol as agonists of
hTAS2R14 (thresholds of 32 uM for both compounds) and
hTAS2R39 (thresholds of 32 and 16 uM, respectively). These
two compounds were reported to mask the bitterness of
caffeine in sensory tests without exhibiting strong taste
characteristics at 100 ppm.*' The molecular mechanism of
masking by homoeriodictyol and eriodictyol requires further
clarification. For phloretin, it was reported that its masking
activity (S0 mg/L (= 182 uM)) for caffeine in sensory tests
competed with its bitterness observed at elevated concen-
trations (100 mg/L (= 365 uM)).** It was suggested that this
might be an overlapping effect of antagonistic and a%onistic
activities, as described for sesquiterpene lactones.>> We

hTAS2R14

hTAS2R39
&

Figure 6. Examples of hTAS2R14 ligand pharmacophores including
luteolin (20) (A), 7,4'-dimethoxy-S-hydroxyisoflavone (78) (B), and
resveratrol (95) (E); examples of hTAS2R39 ligand pharmacophores
including kaempferol (35) (C), 4'-hydroxy-6-methoxyflavone (18)
(D), and butein (60) (F).

identified phloretin as agonists of hTAS2R14 and hTAS2R39
(thresholds of 16 and 8 uM, respectively). Thus, the bitterness
of phloretin could be caused by activation of hTAS2R14 and
hTAS2R39 and possibly other receptors. Remarkably, the
bitterness threshold of phloretin in vivo was ~20—40-fold
higher than in vitro. It has been observed before'® that bitter
compounds (hop acids) can display higher sensory than
receptor thresholds. In the case of hop acids, this has been
ascribed to their interaction with the oral mucosa. A bitter
receptor assay might thus overestimate bitterness, as interaction
with mucosa or other in vivo conditions is not accounted for.
Nevertheless, overestimation is not necessarily the case, as
similar in vivo and in vitro thresholds have been reported for -
p-glucopyranosides® and tea catechins."*

Evaluation of the 2D and 3D Models. Even though they
operated with only planar compound structures, the 2D-
fingerprint models were very effective in predicting active
compounds and discriminating them from inactive compounds,
leading to low numbers of false predictions. This might be due
to the relatively planar nature of many (iso)flavonoids. The 2D-
fingerprint models can be used as a quick in silico screening
tool in compound library screening to identify (iso)flavonoid
(or similar) compounds that might taste bitter. Due to lower
complexity, they are more suitable than the 3D-pharmacophore
models for screening large compound databases. On the
contrary, 2D-fingerprint models created only a partial under-
standing of the molecular features involved in bitter receptor
activation. The 3D-pharmacophore models provided a broader
insight into (iso)flavonoid bitter receptor interaction. The
structural characteristics for an (iso)flavonoid to activate
hTAS2R14 (or hTAS2R39) were determined to be composed
of two (or three) hydrogen bond donor sites, one hydrogen
bond acceptor site, one hydrophobic ring structure, and one
aromatic ring structure.

dx.doi.org/10.1021/jf403387p | J. Agric. Food Chem. 2013, 61, 10454—10466
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The receptor activation threshold values lie within a range of
3 orders of magnitude, which is generally considered as a
relatively small range for quantitative structure—activity
relationship (QSAR) modeling. In the attempt to establish a
QSAR model, a clear correlation between features and
threshold could not be determined, but even without a
quantitative prediction, the pharmacophore models are a
powerful tool in the prediction of potential bitterness.

Explanation of False Predictions by 3D-Pharmaco-
phore Models. Several compounds were falsely predicted as
positive or negative by the 3D-pharmacophore models (see
Table 2).

The highly active false negatives, that is, the actives from the
cell assay that did not map to the pharmacophores, had a lack
of substituents on the B-ring of the (iso)flavonoid in common.
In most cases, as shown in Figure 7A for pinocembrin (51), the
donor feature next to the hydrophobic aromatic feature in the
pharmacophore for hTAS2R14 ligands could not be mapped by

Figure 7. Falsely negative predicted compound pinocembrin (51) on
the hTAS2R14 ligand pharmacophore (A); falsely positive predicted
compound acetylgenistin (74) on the hTAS2R14 ligand pharmaco-
phore (B); excluded volumes on the hTAS2R14 ligand pharmaco-
phore (C).

these molecules. Consequently, the model classified these
molecules as inactive. The pharmacophore model for
hTAS2R39 ligands was able to recognize more of these
unsubstituted ligands, probably due to the mapping setting,
which allowed the ligands to miss one feature. The question
arises whether the donor feature next to the hydrophobic
aromatic group might be irrelevant or of less importance for
binding. Another explanation could be that a second mode of
binding to the receptor for ligands without substitution on the
B-ring occurs. Thus, the current pharmacophore models are
limited to (iso)flavonoids that contain two (for hTAS2R14) or
at least one (for hTAS2R39) substituted aromatic ring(s).
Nevertheless, naturally occurring (iso)flavonoids are mostly
substituted (exceptions are, e.g,, pinocembrin and chrysin) and
therefore applicable to the model.

False positives, that is, molecules which mapped to the
pharmacophore(s), even though they did not activate the
receptor(s), were obtained as well. Only three compounds were
falsely predicted as positive for hTAS2R39 and eight
compounds for hTAS2R14. Of these eight, five were
isoflavones glucosylated on position 7 of the A-ring (example
given for 74 in Figure 7B), which might cause steric hindrance
for optimal receptor binding. To prevent these false positive
predictions, excluded volumes might be added to the
pharmacophore model for receptor hTAS2R14, as shown in
Figure 7C. However, this option should be used only for
isoflavones, as structures with other backbones have not been
tested. Furthermore, because only the glucoside substitutions
on position 7 typical for isoflavones were tested, no statement
can be made about other glycosylation positions frequently
occurring in flavonoids, such as position 3. Thus, the resulting
model for hTAS2R14 ligands is limited to aglycones, whereas
the model for hTAS2R39 ligands can be used for certain
glycosides as well. An additional reason for false positive
prediction might be a solubility issue. Some compounds (for
example, 1 and 14) had limited solubility at high concen-
trations; thus, their real potential to act as bitter compounds
might have been underestimated.

In conclusion, the prediction of the generated pharmaco-
phore models for activation of receptors hTAS2R14 and
hTAS2R39 by (iso)flavonoids was successful, and most false
positive and false negative predictions could be explained,
leading to an understanding of 88% of hTAS2R14 ligands and
94% of hTAS2R39 ligands within this study. The combination
of in vitro and in silico data created a good insight into
activation of hTAS2R14 and hTAS2R39 by (iso)flavonoids.

Comparison of Ligand-Based Pharmacophore Models
for hTAS2R14 and hTAS2R39. The difference between the
two pharmacophore models indicated that despite the largely
overlapping ligands of both receptors, there was a difference in
the molecular structure and substitution pattern of ligands
recognized by receptors hTAS2R14 and hTAS2R39. The
additional donor feature of the pharmacophore model for
hTAS2R39 ligands indicated the possible presence of another
complementary acceptor site in the binding pocket of
hTAS2R39 compared to hTAS2R14. This might explain why
the OH-rich compounds showed different behaviors on the two
bitter receptors, as can be observed for compounds 24, 32, and
58, which activate only hTAS2R39, but not hTAS2R14, and for
compounds 38, 39, 57, and 59, which have a much higher
activity on hTAS2R39 than on hTAS2R14. Another explan-
ation might be that the hydrophobic aromatic feature, and
therewith hydrophobic interaction with the binding site, is of

dx.doi.org/10.1021/jf403387p | J. Agric. Food Chem. 2013, 61, 10454—10466
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higher importance in hTAS2R14 than in hTAS2R39, as
compounds with three OH groups on the B-ring (24, 38, 58,
and 59) have a decreased hydrophobicity on this aromatic ring
and no or decreased activity on hTAS2R14.

Both pharmacophore models have two donor features, which
seem to be equally relevant for discrimination between the
active and inactive ligands. The aromatic features and the
acceptor feature did not seem to have a strong discriminator
function, but they might play a role in ligand alignment.

Tuning Breadth of Bitter Taste Receptors. To date,
hTAS2R14 has been regarded as a more broadly tuned
receptor, compared to hTAS2R39.” This idea was based on the
activation of hTAS2R14 by structurally very diverse compounds
and the fact that fewer agonists for hTAS2R39 were known.
During recent years, numerous new agonists have been
reported for hTAS2R39,”"*">'” including the large number
of flavonoids from the present study, which exceeds the number
of hTAS2R39 agonists known before. Hence, hTAS2R39 is
revealed to be activated by many more agonists than initially
thought. Also, the number of hTAS2R14 agonists keeps
increasing (refs 7 and 13 and this study).

With time, the number of hTAS2R agonists will grow further,
and it is questionable whether tuning breadth should simply be
related to the number of bitter receptor agonists. Our present
results show that the substitution pattern of (iso)flavonoids was
of higher importance for receptor activation than their
backbone structure (e.g., whether the agonist is a flavone or a
flavanone). Our pharmacophore modeling revealed which
signatures underlay binding to hTAS2R14 and hTAS2R39.
Therefore, it might be better to describe tuning breadth of
bitter receptors in terms of the number of molecular signatures
recognized by the receptor. In this way, a collection of
molecules with similar signatures will count only as one with
respect to tuning breadth, and tuning breadth is less likely to be
overestimated.

In conclusion, this study identified many flavonoids as
intrinsically bitter and elucidated the structural requirements
for bitterness of (iso)flavonoids. Understanding their “bitter
motif” might prevent the introduction of bitter taste in the
design of functional foods enriched in (iso)flavonoid bioactives.
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