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ABSTRACT: Starting from previous structure—activity relationship studies of taste modifiers based on homoeriodictyol,
dihydrochalcones, deoxybenzoins, and trans-3-hydroxyflavones as obvious analogues were investigated for their masking effect
against caffeine. The most active compounds of the newly investigated taste modifiers were phloretin, the related
dihydrochalcones 3-methoxy-2',4,4"-trihydroxydihydrochalcone and 2’4-dihydroxy-3-methoxydihydrochalcone, and the deoxy-
benzoin 2-(4-hydroxy-3-methoxyphenyl)-1-(4-hydroxyphenyl)ethanone. Starting with the whole set of compounds showing
activity >22%, a (Q)SAR pharmacophore model for maskers of caffeine bitterness was calculated to explain the structural
requirements. After docking of the pharmacophore into a structural model of the broadly tuned bitter receptor hTAS2R10 and
docking of enterolactone and enterodiol as only very weakly related structures, it was possible to predict qualitatively their

modulating activity. Enterodiol (25 mg L™") reduced the bitterness of the 500 mg L~

! caffeine solution by about 30%, whereas

enterolactone showed no masking but a slight bitter-enhancing effect.

KEYWORDS: flavor modifiers, bitter masking, dihydrochalcones, deoxybenzoins, trans-3-hydroxyflavanones, enterodiol

B INTRODUCTION

Because of the increasing importance of healthier products,
sometimes, ingredients are added that can improve the health
status of people but show deficits in taste. Another challenge for
the taste of food products is the reduction of some common
ingredients such as sucrose or other bulk carbohydrates to
lower the caloric intake. Unfortunately, in most cases, the flavor
of the products is sacrificed; therefore, a huge demand for flavor
modifiers showing activity as off-taste maskers' or sweet taste
enhancers” has developed during the past 10 years. Some
potent new bitter masking molecules such as the 1-
carboxymethyl-5-hydroxy-2-hydroxymethylpyridinium inner
salt,”> C-glycosides of catechins against bitterness of
proanthocyanidins,* some azo-dyes,® and 4-(2,2,3-
trimethylcyclopentyl)butanoic acid® against bitterness of sweet-
eners and some derivatives related to the flavanone
homoeriodictyol (HED, 1, Figure 1)” were developed:
hydroxybenzoic acid vanillylamides® and short chain ginger-
diones related to hispolone.” During earlier studies, the vanillyl
group was identified as a common structural element for a
certain masking activity.

The previously published structure—activity concepts’®
starting from HED (1), eriodictyol (2), and naringenin (3)
(Figure 1) were extended to evaluate the potential to predict
the bitter masking activity of nonobviously related natural
products against caffeine by using a pharmacophore model.
First of all, some other more obvious structural analogues of the
parent flavanones, namely, the related dihydrochalcones (see
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Figure 2), and their shorter chain analogues, the deoxybenzoins
(Figure 3), and some 3-hydroxyflavanones (dihydroflavonols,
Figure 4) were prepared and tested for their masking ability. In
a second step, a pharmacophore model was calculated based on
structure—activity relationships using the reduction of caffeine
bitterness. In a final step, the nonobvious mammalian lignan
metabolites enterodiol and enterolactone were tested in the
pharmacophore model as well as in sensory tests for their
caffeine bitterness modulating activity.

B MATERIALS AND METHODS

Phloretin, naringenin-7-O-glucosid, and phloridzin [each >95%, high-
performance liquid chromatography (HPLC)] were from Kaden
Biochemicals (Hamburg), ampelopsin was from Changsha Sunfull
Biotech Co., Ltd. (China), 2-(3,4-dihydroxyphenyl)-1-(2,4-dihydrox-
yphenyl)-ethanon was from Toronto Chemicals (Ontario, Canada),
and enterodiol and enterolactone were from Phytolab (Verstenbergs-
greuth, Germany). All other test compounds were synthesized
according to principally known procedures as outlined in the
Supporting Information.

Syntheses. 2-(4-Hydroxy-3-methoxyphenyl)-1-(4-
hydroxyphenyl)ethanone (18). Guajacol (2-methoxyphenol, catechol
monomethylether, 2.0 g, 16.1 mmol) and 4-hydroxyphenylacetic acid
(24 g 16.1 mmol) were cooled to 0 °C, and 35 mL (322 mmol)
boron trifluoride etherate was added. The mixture was slowly heated
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Figure 1. Investigated structural classes related to HED (1), eriodictyol (2), and naringenin (3).
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Figure 2. Investigated dihydrochalcones 4—13 [NHDC (4), phloridzin (5), trilobatin (6), phloretin (7), and davidigenin (8)].

to 90 °C for 13 h (TLC control CHCl;/MeOH 10:1, R; = 0.4). BF;-
etherate was distilled, and the cooled residue was quenched with
water/ethyl acetate (100 mL, 1:1) under vigorous stirring. The organic
phase was separated, and the water phase was extracted again with 50
mL of ethyl acetate. The combined organic phases were washed with
NaHCO; solution and brine, and dried over Na,SO, concentrated,
keeping the product in solution. After treatment with ethyl ether, the
white product precipitated as a white solid (purity by H NMR, 97%),
which was recrystallized from ethyl acetate. Yield, 59 mg (14%).
HPLC-MS (RP-18, APCL-): m/z = 257.38 (100%, [M — H]~). HRMS
(ESI", M — H) calcd for C;sH,30,, 257.0819; found, 257.0818; (ESI",
M — H) caled for C;H;s0,, 259.0965; found, 259.0976. '"H NMR
(400 MHz, DMSO-d,, internal standard TMS): 6 = 9.97 (1H, bs,
OH), 9.24 (1H, bs, OH), 7.60 (1H, dd, ] = 8.3 Hz, ] = 2.0 Hz, H-2),
748 (1H, d, ] = 2.0 Hz, H-6), 7.05 (2H, m, H-2, H-6'), 6.85 (1H, d, ]
= 8.3 Hz, H-3), 6.68 (2H, m, H-3/, H-5'), 4.12 (2H, s, H-a) ppm. C
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NMR (100 MHz; DMSO-dq, internal standard TMS): § = 196.1 (C,
C-a), 155.8 (C, C-4'), 151.6 (C, C-4), 147.4 (C, C-3), 130.2 (2 X CH,
C-2',C-6),128.0 (C, C-1), 125.6 (C, C-1"), 123.5 (CH, C-6), 115.0 (2
x CH, C-3, C-5"), 114.8 (CH, C-5), 111.5 (CH, C-2), 55.5 (CH;, O—
CH,), 43.3 (CH,, C-B) ppm.
2-(4-Hydroxyphenyl)-1-(2,4,6-trihydroxyphenyl)ethanone (20). 4-
Hydroxybenzylcyanide (2.60 g, 20 mmol) and 1,3,5-trihydroxybenzol
(3.78 g 30 mmol) were mixed with 1,4-dioxan (30 mL) and treated
with dry HCI for $ h. The mixture was stirred at room temperature for
another 16 h. The precipitate was filtered off, and the raw crystalline
material (6.34 g) was diluted with ice water (15 mL) and refluxed for 1
h. After it was cooled, the precipitate was filtered off, washed with
water, and dried in vacuo. Yield, 3.0 g (colorless crystals, 11.5 mmol,
58% of theory). HPLC-MS (RP-18, APCI-): m/z = 259.44 (100%, [M
— H]7), 518.88 (14%, [2M — H]™). HRMS (ESI", M — H) calcd for
C,H;,05, 259.0612; found, 259.0623; (ESI', M + H) caled for
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Figure 3. Investigated deoxybenzoins 14—21.
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Figure 4. Structures of trans-3-O-hydroxyflavanones 22—26 [blumeatin A (23) and ampelopsin (26)].

C,,H,;0,, 261.0757; found, 261.0762. "H NMR (400 MHz, DMSO-
dg, internal standard TMS): § = 12.23 (ca. 2H, s, OH), 10.37 (1H, s,
OH), 9.19 (1H, s, OH), 7.01 (2H, m, H-2/, H-6'), 6.67 (2H, m, H-3/,
H-5'), 5.81 (2H, s, H-3, H-5), 421 (2H, s, H-a) ppm. "*C NMR (100
MHz; DMSO-d,, internal standard TMS): § = 202.9 (C, C=0),
164.7 (C, C-4), 164.1 (2 X C, C-2, C-6), 155.7 (C, C-4'), 130.4 (2 X
CH, C-2/, C-6)), 125.8 (C, C-1'), 114.8 (2 X CH, C-3', C-5'), 103.5 (C,
C-1), 94.6 (2 X CH, C-3, C-5), 47.9 (CH,, C-a) ppm.

Sensory Studies. Bitter taste modulating studies were done using a
duo-comparison method with a panel of trained healthy adults (7
males and 15 females; ages 25—48 years) without any reported taste
disorder. Tasting sessions were carried out in the morning hours 1-2
h after breakfast, during which time the panelists were asked not to
drink black or green tea or coffee due to adaptation to caffeine. Duo
tests were presented to the testers in a randomized order; in case of
discoloration, samples were covered with aluminum foil or tasted
under colored light. Panel members were trained to evaluate the taste
of aqueous solutions (S mL each) of the following standard taste
compounds: citric acid (0.4 g L™") for sour taste, caffeine (0.3 g L")
for bitter taste, sodium chloride (1.3 g L™") for salty taste, sucrose (6.0
g L") for sweet taste, and monosodium glutamate (0.4 g L™') for
umami taste. Difference tests were carried out for the basic tastes: citric
acid (0.5 and 0.6 g L™'), caffeine (0.25 and 0.35 g L"), sodium
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chloride (1.5 and 1.8 g L™'), sucrose (8.0 and 10.0 g L"), and
monosodium glutamate (3.6 and 4.4 g L™') using paired comparison
test.

For bitter modulating tests, the panelists had to rate the intensity
(I) of the bitterness on a scale of 1 (nothing) to 10 (extremely strong).
The mean rating of 500 kg L™" caffeine solution ranged between 5 and
6. For other bitter tastants (quinine, KCl, and salicin), concentrations
were used at which all panelists can perceive a pronounced bitterness
(mean ratings about 4—6). Modulation effects (MEs, as %) were
calculated relative to the blind probe using the equation:

ME = (Liese = Lying) /Foting

Negative ME values were interpreted as inhibitory, and positive values
were interpreted as enhancing effects. Statistical analysis was
performed using internal functions of MS Excel 97 (Microsoft
Corp.). Student's ¢ test (double-sided, paired) was used to calculate
statistical significance.

Molecular Modeling. All 3D structures of the compounds were
constructed with MOE'® and were subsequently minimized with the
Merck MMFF94 force field."'™" Twenty-one compounds with a
bitter masking activity higher than 22% (see Table 1) were considered
as active and used for three-dimensional superposition. For this

dx.doi.org/10.1021/jf301335z | J. Agric. Food Chem. 2012, 60, 6303—6311
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Table 1. Evaluation of MEs for Bitter Taste of
Dihydrochalcones as Compared to HED (1), Eriodictyol
(2), and Naringenin (3) against 500 mg L' Caffeine®

bitter modulation 500 mg L!
caffeine

panelists all/ ME for bitter profile (100 mg L™" in 5%

compd masking taste sucrose)
1° 10/10 —43%* weak, sweet, vanillic, phenolic
2 16/12 —46%** neutral
3 9/8 —9% dry-dusty, fatty, creamy
4 16/8 3mgL™) —8% neutral, long lasting sweetness
16/6 (30 mg L") +7%
S 16/4 +10% bitter
6 16/2(50mgL™) +21% vanillin, honey, fruity, weak
7 16/3 (S0 mg L") —29%* sweet, mouth feel, dusty
8 16/9 —6% balsamic, weak, bitter, licorice
9 15/7 0% weak, fruity, bitter
10 16/8 -9% weak, smooth, balsamic,
smoky
11 15/11 (S0 —24% neutral
mg L")
12 16/9 —7% weak, fruity, herbal, dusty
13 15/12 (50 —27%%* neutral
mg L")

“Test concentration, 100 mg L™; *, significant (p < 0.05); **, p <
0.005; ND, not determined. “Ref 7.

purpose, the “pharmacophore elucidator” module of MOE was used.
In this process, all single bonds were allowed to be rotatable, and
pharmacophores like hydrogen bond donor and acceptor sites as well
as hydrophobic areas were applied in the unified scheme of MOE. On
the basis of these calculations and superposition of all active structures,
a pharmacophore model was derived manually.

A homology model of the human hTas2R10 based on the X-ray
structure 1U10"¢ (bovine rthodopsine) has been taken from the model
database MODBASE'” (QINYWO, model original ID: EN
ENSP00000240619). Because analysis with PROCHECK'® and
PROSA I1'” indicated a not perfectly folded 3D structure, the protein
model has been improved by a molecular dynamics simulation (50 ns,
including a membrane composed of PEA in a water box) with
YASARA>®?! using the force field AMBER03** and the md-
runmembrane protocol of YASARA. Here, the conformation of
extracellular loop 2 has changed most in comparison to the original
MODBASE model. Overall, the quality of the model has improved
according to the evaluation with PROCHECK (amino acids in most
favored region from 85.2 to 85.5%, two outliers) and the z score of the
pair potential of Ca and Cf8 of PROSA II (from 0.53 to —1.83).

The ligands enterodiol and enterolactone have been docked into the
active site of the hTas2R10 model using GOLD>® with the Ne of Trp
88 as the center of a sphere with a radius of 12 A. The used Fitness
Function was GoldScore.

B RESULTS AND DISCUSSION

Syntheses. Most of the investigated compounds were not
commercially available and were therefore synthesized by
principally known procedures. With the exception of bitter-
sweet phloretin glycosides from apple (Malus ssp.), dihy-
drochalcones were only rarely found in nature, for example,
davidigenin (9) as a trace in Artemisia dracunculus®* The
naturally occurring trilobatin (6) (e.g., isolated from Malus
trilobata, Vitis ssp., and Symplococus ssp.”>) was isolated as a
side product from a mild acidic hydrolysis of naringin
dihydrochalcone. The spectral data of the product correspond
to the published data from literature. Phloretin sodium salt was
prepared by exchange of protons by using 1 equiv of sodium
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ethylate solution and subsequent evaporation of the solvents.
The dihydrochalcones 9—13 were synthesized starting with
Knoevenagel condensation of the acetophenons with the
appropriate benzaldehydes and subsequent hydrogenolysis of
the intermediate chalcones. Deoxybenzoins are still much more
rarely reported as natural compounds, for example, deoxy-
vanilloin (14) as a trace compound in the root wood of
Melicope semecarpifolia.*® The commercially unavailable
deoxybenzoins 15—21 were synthesized according to the
well-known BF;-Et,O-catalyzed Friedel—Crafts acylation of
phenols with the appropriate phenylacetic acids.>”*® In the case
of the tetrahydroxylated deoxybenzoin 14, the alternative route
via the corresponding phenyl acetonitrile facilitated by the use
of dry HCl was much more successful.”’ The deoxybenzoins 18
and 21 were never described in the literature. The investigated
trans-3-hydroxyflavanones are all known from the literature.
Taxifolin (24) is a well-known natural compound, and
blumeatin A (23) was described in Blumea balsamiferia.*
The vanilloid isomer 22 occurs as trace component (5 mg/kg)
besides HED (1) in Lychnophora granmongolense (“Brazil
arnica”),>’ whereas the isomer 25, which is related to the
flavanone sterubin, was also found in Blumea lnzls«zrnz'feriu.32
Dihydromyricetine or ampelopsin (26) was found in
Ampelopsis cantoniensis.>> The synthesis of the racemic
compounds was performed starting with perbenzylation of
the parent flavanones HED (1), hesperetin, or sterubin,
subsequent epoxidation in alkaline medium using hydrogen
peroxide, and finally hydrogenation to the corresponding trans-
3-hydroxyflavanones 22, 23, and 25.

Sensory Studies. All compounds were first tested in 5%
sucrose and 0.5% sodium chloride solution for the general taste
profile (for screening data, see Tables 1—3). Only in the

Table 2. Evaluation of MEs for Bitter Taste of
Deoxybenzoins against 500 mg L™ Caffeine”

bitter modulation 500 mg L™
caffeine

panelists all/ ~ ME for bitter profile (100 mg L™ in 5%

compd masking taste sucrose)
14 16/10 —23% vanillin, spicy, clove, woody,
balsamic

15 15/7 —10% neutral

16 14/8 —9% sweet, dry-dusty, balsamic

17 14/10 —15% neutral

18 15/12 —29%%* vanillin, phenolic, balsamic,
(50 mg L") (p < 0.06) somewhat bitter

19 15/9 —18% vanillin, balsamic, woody

20 ND very bitter, astringent

21 16/10 —8% vanillin, phenolic, sweet
(50 mg L™

“Test concentration, 100 mg L™'; *, significant (p < 0.05); ND, not
determined.

absence of strong off-tastes, the compounds were tested for
their bitter modulation activity. Caffeine was selected as a
screening vehicle for bitter masking effects due to its activation
spectrum of various bitter receptors including the broadly
tuned hTAS2R10,>* acceptable taste, and low toxicity. From
previous studies, it is known that HED (1) and its structural
relatives depicted in Figure 1 show a comparable pattern of
activity against various bitter compounds, for example, quinine,
which is similar to caffeine, can activate several human bitter
receptors including hTAS2R10.** Until now, the mechanism

dx.doi.org/10.1021/jf301335z | J. Agric. Food Chem. 2012, 60, 6303—6311
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Table 3. Evaluation of MEs for Bitter Taste of trans-3-
Hydroxyflavanones against 500 mg L™' Caffeine”

bitter modulation 500 mg Lt
caffeine

panelists all/  ME for bitter profile (100 mg L™ in 5%

compd masking taste sucrose)
22 15/6 +15% fatty, oily
23 16/9 —14% gujacol, vanillin, sweet
(50 mg L")

24 14/4 +18% very bitter

25 ND herbal, bitter, phenolic, woody,
balsamic

26 14/4 +16% dry dusty, grape, grape seed

“Test concentration, 100 mg L™'; *, significant (p < 0.05); ND, not
determined.

behind the activity of 1 and its analogues has not been known,
but they seem to block at least one of these bitter receptors,
which are activated by a larger set of bitter molecules.

The best bitter taste reducers for caffeine were the
dihydrochalcones phloretin (7), 11, and 13 and the
deoxybenzoin 18. Whereas 11, 13, and 18 show the vanilloyl
moiety similar to 1, the activity of phloretin is somewhat
surprising. In earlier studies, the simple para-hydroxy-
substituted derivatives [e.g., naringenin (3), 2,4-dihydrobenzoic
acid 4-hydroxybenzylamide, [2]-gingerdione, Figure 1] did not
show any significant masking activity.””*” The short-chain
analogue 20 is only moderately active as a flavor modifier, and
the glucoside phloridzin (5) induces some additional bitterness.
Unfortunately, from all tested trans-3-hydroxyflavanones, only
23 showed a moderate bitter masking activity toward caffeine.
The other analogues exhibit bitter or even bitter-enhancing
effects in contrast to their corresponding flavanones. Interest-
ingly, NHDC (4) showed no masking activity up to 30 mg L™
against caffeine bitterness. The use of NHDC as a bitter masker

for pharmaceutical actives has been known for a long time,*

but the strong sweet taste at higher concentrations often cannot
be tolerated in all applications.

The most promising bitter taste modulators 7, 11, 13, and 18
for caffeine were tested in more detail. First of all, dose—
response plots were determined for caffeine with different
concentrations of the test compounds (Figure S). All four
components showed an increasing dose response up to 50 mg
L™}, but then, the activity decreased somewhat at 100 mg L
probably, the masking activity is competed by arising intrinsic
bitterness at higher concentrations (as found, for example, for
compound 18 at 100 mg L"), which may compete with their
masking effect. Because of the number of 25 different hTas2R
bitter receptors in human,>*® this might be an overlapping
effect of antagonistic and agonistic activity as described for
certain sesquiterpene lactones®” for different receptor types,
which should be investigated in the future.

A subset of the antagonistic pattern of the modulators was
investigated as shown in Figure 6; modulating activities lower
than 10% are not considered for the discussion. Again,
phloretin (7) and the dihydrochalcone 11 showed a non-
significant activity against quinine, whereas the remaining
candidates were not active at the tested concentrations. Only 7
was weakly active as a masker for salicin, whereas the activity of
all compounds against KCI or peptides was not detectable. As a
summary, phloretin (7) seems to be a relatively broadly active
bitter taste reducer comparable to HED (1), whereas the other
compounds found in the screening seem to be active only
against caffeine. However, in contrast to 1, phloretin seems to
be limited at a higher dosage due to its own bitter taste at these
concentrations.

Structure—Activity Relationships. The concept of
structural variation of the parent HED (1) seems to work in
principle but is not valid for all cases. Therefore, the vanilloyl
moiety is probably not solely responsible for the bitter masking
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Figure S. Dose—response plots of masking activities of phloretin (7) (A), dihydrochalcones 11 (B), 13 (C), and deoxybenzoin 18 (D) in S00 mg
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effects of 1. To study the SAR in a more general sense, a first
simplified computational study based on the active (and
inactive) compounds was done, whereby 22% bitter masking,
that is, ca. half of the HED activity value, was set as a lower
threshold for compounds defined as active.

The best result for the superposition of the structures is
displayed in Figure 7 together with the pharmacophore

Figure 7. Superposition of all 21 active compounds and derived
pharmacophores F1—F9. Red spheres (features F2, F4, and F9)
represent proton acceptor sites, blue ones (F1 and F3) represent
either proton acceptor and/or donor sites, and the green spheres (FS,
F6, and F8) represent preferred hydrophobic interaction areas.

(“gustophore”) model, a simplified counterpart of the
mutualized overlay of reasonable conformations of the
structures of active compounds. Herein, red spheres (the
features F2, F4, and F9) represent proton acceptor sites, blue
ones (F1 and F3) either proton acceptor and/or donor sites,
and the green ones (FS, F6, and F8) preferred hydrophobic
interaction areas.
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Eriodictyol (2) shows the highest activity with a bitter
masking rate of 46% (see Table 1). On the basis of the
pharmacophore model, this high activity can be perfectly
explained by the model (Figure 8A). Except for the
hydrophobic binding site FS, all other areas defined by the
suggested pharmacophore are accessible by a low energy
conformation of the compound. Both hydroxyl groups of ring B
can interact with the proton acceptor feature F4, with the meta-
hydroxyl group being preferred for such an interaction. For
comparison, in HED (1), the methyl group of the 3-methoxyl
moiety of ring B can interact with the hydrophobic area F5 by
rotating the phenyl group by 180°. This explains the similar
activities but also the differences of 1 and 2. The removal of the
3"-hydroxyl group in ring B (naringenin, 3) will lead to an
almost complete loss of interaction with both the proton
acceptor site F4 and the hydrophobic site FS, resulting in a
considerably reduced activity (9%).

Among the compounds 4—13 (Table 1), only compounds 7
(29%), 11 (24%), and 13 (27%) exhibit significant bitter
masking activity. Because of the conformational flexibility of
these compounds, the ring B is able to adopt a conformation in
which the para-hydroxyl group can service the proton acceptor
site F4 (Figure 8B). Additionally, and in difference to
compounds 1-3, the additional hydroxyl group at ring A in
compound 7 is able to interact with the proton acceptor/donor
site F3 quite nicely. Except for the hydrophobic binding site FS,
all pharmacophores are satisfied, which may explain the rather
high activity of 7 but also of 11 where FS is occupied instead F3
(Figure 8C).

The inactivity of compounds 4—6 can be simply explained by
steric overlap especially with binding sites at pharmacophores
F2, F9, or/and F1. The lower activity of compound 10 in
comparison to 11 might be explainable by slightly different
conformational behavior caused by the additional hydroxyl
group in ring A. Whereas the ethylene moiety in 11 is highly
flexible, a steric hindrance with both ortho-hydroxyl groups of
ring A in 10 leads to a more perpendicular orientation of the

dx.doi.org/10.1021/jf301335z | J. Agric. Food Chem. 2012, 60, 6303—6311
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Figure 8. Minimized conformation and interaction of pharmacophore model and (A) eriodictyol (2), (B) phloretin (7), (C) dihydrochalcone (11),
(D) compound 10, (E) deoxybenzoin (14), and (F) deoxybenzoin (18). The orientation within the model is inverted with respect to the A and B
ring position as compared to the best fit of derivative 14. (G) Blumeatin A (23) and (H) comparison of the conformations of HED 1 (green) and 3-

hydroxyflavanone 22 (orange carbon atoms).

ethylene group with respect to ring A, which causes difficulties
for ring B to interact especially with pharmacophore FS (Figure
8D).

The deoxybenzoins very likely exhibit a slightly different
binding mode in the pharmacophore in comparison to the
flavonoids. Because of the reduced conformational flexibility
(methylene bridge instead ethylene), their ring B can only
interact with F4 or FS of the pharmacophore, if the carbonyl
group simultaneously interacts with F3 but not with F1. Only in
this way, the activity of 14 (23%, Table 2 and Figure 8E) can be
explained based on the pharmacophore model. Compounds 15
and 16 lack this hydroxyl, which might be a reason for their
reduced activities (10 and 9%, respectively). In compound 21
(8%), the para-methoxyl group of ring A leads to missing or
repulsive interaction with the proton acceptor site F9, whereas
this site is occupied in compound 19 (18%), leading to higher
activity.

Since in 18 a 3-methyl group is introduced in ring A but no
hydrophobic feature exists close to F2 and F9 (Figure 8F), an
optimal superposition with the pharmacophore is only possible,
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when the compound is posed in an opposite orientation, that is,
ring A and ring B exchange their position within the
pharmacophore as compared to all previously discussed
compounds. Then, the hydroxyl and methoxyl groups of ring
A interact with features F4 and FS, and the hydroxyl group of
ring B interacts with either F2 or F9. This hypothesis is
supported by the introduction of an additional methoxyl group
in compound 17, which leads to reduced affinity in comparison
to compound 18 because of the missing hydrophobic feature
close to F2 and/or F9.

The trans-3-hydroxyflavanones (Table 3) adopt a slightly
different conformation in comparison to the flavanones of
Table 1 since the 3-hydroxy group causes some repulsion with
ring B (Figure 8H). In compound 22 (—15%), the 3-hydroxyl
group will cause repulsive interactions with the hydrophobic
pharmacophore F8. An interaction of the meta-methoxyl group
of ring B with the hydrophobic site FS is also reduced, which
obviously contributes to the inactivity of this compound. This
holds true also for the inactive compounds 24 and 26. The
special importance of site FS is supported by the recovered
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Figure 9. Poses of enterolactone (27, carbon atoms in cyan) and enterodiol (28, carbon atoms in gray) docked in the active site of the hTas2R10
protein model (carbon atoms in yellow) and additional interaction of enterodiol's hydroxyl group with the carbonyl group of Trp 162, which is

missing in enterolactone.

activity of compound 23 (14%) in which the para-methoxyl
group is now able to interact with this pharmacophore feature
(Figure 8G).

Pharmacophore Docking and Prediction of Activity.
In a second step, the mammalian lignans enterolactone (27)
and enterodiol (28, Figure 9) were chosen as related but not
obvious test vehicles for prediction of bitter masking activity.

A protein model of one of the broadly tuned bitter receptors,
hTas2R10, based on the X-ray structure of bovine rhodopsine
in its inactive conformation has been developed. Docking of the
structures of 27 and 28 into the active site of hTas2R10 led to
similar poses for both but for enterodiol (28) without
significant distortions of the protein.

The structures used for the pharmacophore (Figure 7) have
been aligned with the docking poses of both lignans. Now, the
pharmacophore features compare favorably to certain amino
acid side chains of the bitter receptor model. The proton
acceptor features F2 and F9 localize with the side chain of Asn
173 and the backbone of Ser 139. The proton acceptor and
donor features F1 and F3 are in the places of either the side
chains of GIn 93 and Asn 92 or the backbone of Trp 162. The
proton acceptor feature F4 is located near the side chain of Asp
163. Hydrophobic interaction areas as represented by F5—8
find a counterpart in the protein model with the amino acids
Met 243, Ile 247, Leu 259, and Met 263.

The suggested pharmacophore model of bitter masking
compounds derived or related to flavonoids is able to explain
the structure—activity relationships qualitatively. To check the
value of the model, the activities of enterodiol (28) and
enterolactone (27) were predicted. Both structures interact
with the pharmacophore sites F1, F4, and F7. The meta-
hydroxyl group of 28 interacts with the proton acceptor site F2,
whereas the meta-hydroxyl group of 27 interacts with the
proton acceptor site F9. Enterodiol (28) but not enterolactone
(27) is additionally able to interact with the proton acceptor/
donor site F3 and makes contact to the hydrophobic
interaction sites F6 and F8. This indicates that 28 might act
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as an inhibitor for the bitter receptor, whereas 27 will enforce a
conformational change of the receptor to get a better fit. To
verify the prediction, enterolactone (27) and enterodiol (28)
were also tested for their bitter modulating activity (Table 4) .

Table 4. Evaluation of MEs for Bitter Taste of Enterolactone
(27) and Enterodiol (28) against 500 mg L' Caffeine”

bitter modulation 500 mg L} caffeine

panelists all/

compd masking ME for bitter taste  additional descriptors
27 14/4 29% dull, earthy, mold, soapy
28 14/4 —31% (p = 0.08) somewhat dull, earthy

“Test concentration, 25 mg L™"; ND, not determined.

Indeed, 28 (25 mg L") showed a reasonably good masking
activity against bitterness of a 500 mg L™ caffeine solution in
the duo comparison, whereas the test solutions containing
caffeine and enterolactone (27) were judged more bitter by the
panelists as compared to the control. These results demonstrate
the predictive power of the pharmacophore model.
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