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ABSTRACT: Bitter taste receptors (T2Rs) belong to the G
protein-coupled receptor superfamily. In humans, 25 T2Rs
mediate bitter taste sensation. In addition to the oral cavity,
T2Rs are expressed in many extraoral tissues, including the
central nervous system, respiratory system, and reproductive
system. To understand the mechanistic roles of the T2Rs in
oral and extraoral tissues, novel blockers or antagonists are
urgently needed. Recently, we elucidated the binding pocket of
T2R4 for its agonist quinine, and an antagonist and inhibitory
neurotransmitter, y-aminobutyric acid. This structure—func-

tion information about T2R4 led us to screen the plant hormone abscisic acid (ABA), its precursor (xanthoxin), and catabolite
phaseic acid for their ability to bind and activate or inhibit T2R4. Molecular docking studies followed by functional assays
involving calcium imaging confirmed that ABA is an antagonist with an IC;, value of 34.4 &+ 1.1 yuM. However, ABA precursor
xanthoxin acts as an agonist on T2R4. Interestingly, molecular model-guided site-directed mutagenesis suggests that the T2R4
residues involved in quinine binding are also predominantly involved in binding to the novel antagonist, ABA. The antagonist
ability of ABA was tested using another T2R4 agonist, yohimbine. Our results suggest that ABA does not inhibit yohimbine-
induced T2R4 activity. The discovery of natural bitter blockers has immense nutraceutical and physiological significance and will

help in dissecting the T2R molecular pathways in various tissues.

T aste receptor cells present in taste buds on the tongue
express a number of membrane proteins that mediate
taste sensation. In humans, bitter taste is one of the five basic
taste sensations and is mediated by 25 bitter taste receptors
(T2Rs)."* Recent studies have shown that T2Rs are also
expressed outside the tongue, including many extraoral tissues
such as central nervous system, respiratory system, digestive
system, and male reproductive system.’~” This suggests that
T2Rs possess as yet largely uncharacterized cellular and
physiological functions in addition to taste sensing. Most of
the T2Rs are activated by a wide variety of plant-derived bitter
compounds, including amides, heterocyclic compounds, glyco-
sides, alkaloids, terpenoids, phenols, and flavonoids.® A few
plant-derived compounds like, 6-methoxyflavanones and
sesquiterpene lactones, are known to block T2R39 and
T2R46, respectively.9’10 However, no literature about the effect
of phytohormones on T2Rs activity is available.

Recently, we elucidated the agonist—quinine binding pocket
of the bitter taste receptor T2R4."' While screening for
compounds that are structurally similar to quinine, the
phytohormone abscisic acid (ABA) was identified as a potential
candidate. ABA is found in all plants and is known to mediate
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responses to environmental stress and numerous plant
developmental processes.'> For example, the concentration of
ABA can reach 30 ug/g in ripe blueberries."*> As such, ABA is
ingested by humans on a daily basis and has been proposed to
mediate many beneficial health effects.'* Interestingly, it was
recently proposed that ABA is also produced and released from
monocytes, granulocytes, microglia, and insulin-secreting cells
in humans."~"” Endogenously produced ABA is proposed to
act locally and in the case of pancreatic -cells has been shown
to enhance their ability to secrete insulin.'® ABA is also
involved in various immune and inflammatory responses and
has been administrated orally in mouse models to treat
diabetes, atherosclerosis, and inflammatory bowel dis-
ease,' #1972 However, some contradictory reports do exist,
related to the effect of ABA on Ca’" responses in microglial
cells.”® At the same time, very little is known about the actual
molecular mechanism of action of ABA, and its receptor targets,
in humans. To date, the lanthionine synthetase C-like 2
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(LANCL2) protein has been shown to bind ABA and modulate
some ABA signaling in granulocytes and insulinoma cells.”>**
However, other human proteins, in particular HSP70 family
members, have also been reported to bind to ABA® Together,
these findings suggest that a very complex signaling network is
likely in play.

As T2Rs are distributed throughout the body, we
hypothesized that ABA or its metabolites may have effects on
T2R function by activating or blocking these receptors. To
elucidate this, we docked a number of ABA metabolites to a
recently validated molecular model of T2R4 (Table 1). Next,

Table 1. Predicted Binding Affinities of Abscisic Acid (ABA),
Its Precursors, and Metabolites to T2R4“

Ligand Predicted Predicted Structure
binding affinity | Kd (pM)
—log(Ka)
Xanthoxin 6.77 0.16 o
o - CHO
3
Phaseic acid 6.42 037 O\H N
o CoH
(+)'S"".t(’f°‘s‘° 572 1.87 NN
ac o OH  CoM
1’,4’-ABA diol 5.70 1.99 O\H N
. o,
Abscisic NN
aldehyde 5.30 4.92 o OH o
NN
7-OH-ABA ND ND . oF o
OoH
DPA ND ND A
Ho '°°” CoH
iDPA ND ND P
e Ho_"”on COH
neoPA ND ND DN

“The compounds shown above were docked to T2R4 using the
Surflex-Dock program of SYBYL-X 1.3. The binding affinities of
receptor—ligand complexes from the Surflex-Dock scoring method
were expressed as —log(K;). ND indicates no binding to T2R4
detected by Surflex-Dock.

functional characterization involving calcium imaging and IP;
assays was applied to the top three compounds. Results from
this study suggest that ABA acts as an antagonist, and
xanthoxin, which is an ABA precursor, acts as an agonist.
Mutational analysis suggests that both the agonist quinine and
antagonist ABA bind to the same orthosteric site in T2R4.

B EXPERIMENTAL PROCEDURES

Materials. Mammalian cell culture medium DMEM-F12,
streptomycin, penicillin, L-glutamate, trypsin-EDTA, lipofect-
amine-2000, and calcium sensitive dye Fluo-4NW were
purchased from Life Technologies (Burlington, ON). (+)
ABA and fetal bovine serum (FBS) were purchased from
Sigma-Aldrich Canada Co. (Oakville, ON). All other chemicals
used in the study were purchased either from Sigma-Aldrich or
Fisher Scientific (Toronto, ON). The chimeric G protein,
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Gal6/44, was a gift from T. Ueda (Nagoya City University,
Nagoya, Japan).

Synthesis of Xanthoxin and Phaseic Acid. (—)-Xan-
thoxin was prepared by Y. Gai from (R)-4-hydroxy-f-
cyclogerinol using a known procedure.”® (—)-Phaseic acid
(PA) was prepared from (+)-ABA by biotransformation using
maize suspension-cultured cells.””

Molecular Biology and Cell Culture. Codon-optimized
FLAG-TAS2R4 was described previously.”** The mutants
were synthesized commercially (Genscript USA Inc.). All the
genes were cloned into pcDNA3.1 and transiently co-expressed
in HEK293T cells with the chimeric G protein Ga16/44 using
lipofectamine-2000, as described previously.'"”* Cells were
propagated in DMEM-F12 medium, at 37 °C under 5% CO,.
Flow cytometry studies for elucidating cell surface expression of
the receptors were conducted using the anti-FLAG antibody,
exactly as described recently.""

Intracellular Calcium Mobilization Assays. Functional
characterization of the expressed receptors was pursued by
calcium imaging using Fluo-4NW. Empty vector (pcDNA3.1)
transfected cells were used as a control (mock transfected
cells). Six to eight hours after transfection, cells were plated in
96-well clear bottom black walled plates at a density of 1 X 10°
viable cells per well (viability determined by a TC10 Bio-Rad
cell counter). After incubation for 12—16 h at 37 °C in a CO,
incubator, the cell culture medium was removed, and the
calcium sensitive dye Fluo-4NW was added. Cells were then
incubated at 37 °C for 40 min followed by incubation for 40
min at room temperature. Fluo-4NW dye was prepared by
adding 10 mL of calcium-free assay buffer to the lyophilized
dye; 2.5 mM probenecid supplied with the Fluo-4NW assay kit
was added to this solution to block the leakage of the dye from
cytosol. The cells were treated with different concentrations of
quinine, and the intracellular calcium released was measured in
terms of relative fluorescence units (RFUs) using a Flexstation
3 plate reader. For the first 20 s, basal calcium levels were
measured, the ligand(s) was added by the Flexstation 3 liquid
handling system, and the calcium release was measured for the
next 120 s. Absolute RFUs were determined by deducting the
basal RFU from the peak RFU obtained after stimulating with
the ligand (absolute RFUs = maximum — minimum). ARFUs
were obtained by deducting the absolute RFUs of mock-
transfected cells from the WT or mutant (ARFUs = WT or
mutant absolute RFUs — mock-transfected absolute RFUs).
The complete details of the protocol were described in our
previous articles.'"*

To elucidate the action of ABA and its metabolites on T2R4
and mutants, HEK293T cells expressing the receptors were
initially treated with a single concentration of each compound
of 0.5 mM. For determining the ICy, value for ABA, the
quinine concentration was kept constant at 1 mM (ECs, value)
and a concentration range of ABA from 0.5 to 0.007 mM was
used. Calcium data were analyzed using PRISM software
version 4.03 (GraphPad Software, La Jolla, CA).

IP; Assays. Known concentrations of IP; (20 pM to 20
uM) were used to generate a standard graph by measuring the
fluorescence according to the manufacturer’s instructions
(HitHunter IP3 Fluorescence Polarization assay kit, Discov-
eRx). Agonist-dependent and -independent IP; production by
the cells expressing different receptor constructs or mock-
transfected was measured using the standard graph. In each
experiment, 1 X 10° viable cells were taken per well in black-
walled plates. IP; produced was reported in terms of picomoles.
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Figure 1. Schematic representation of the T2R4 amino acid sequence with an N-terminal FLAG tag. Similar to other T2Rs, T2R4 contains short N-
and C-termini, seven transmembrane helices (TM1—7), three extracellular loops (ECL1-3), and three intracellular loops (ICL1—3). Residues
involved in binding to agonist quinine are colored red and those involved in binding with abscisic acid (ABA) green.

Complete details of the assay were described in our previous
publications.' >

Schild Regression Analysis. For Schild analysis,
HEK293T cells stably expressing T2R4 and Gar16/44 chimera
were used. To generate stable cells, HEK293T cells were
cotransfected with T2R4 in pcDNA4/HisMaxB/Zeo and
Gal6/44 chimera in pcDNA3.1/Hygro vectors and selected
by resistance to both zeocin and hygromycin at 300 pg/mL in
the growth medium; 1 X 10° viable cells per well were plated in
96-well tissue culture-treated BD-falcon biolux microplates in
DMEM-F12 medium containing 10% FBS for 24 h followed by
a calcium assay. The cells were treated with T2R4 agonist
quinine alone at different concentrations or in the presence of
ABA (concentration kept constant). The experiments were
repeated five times in triplicate, and the calcium readout was
measured as relative fluorescence units (ARFU). The standard
errors of the mean (SEM) of the dose—response data were fit
to a sigmoid curve using Gaddum/Schild ECy, shift nonlinear
regression in GraphPad Prism version 5.0. The calculation is
based upon the equation for simple antagonism derived by
Gaddum, where [A] and [B] represent molar concentrations of
agonist and antagonist, respectively, with their equilibrium
dissociation constants K, and Kg, respectively, for the receptor.
y represents the percentage of receptors occupied by an
agonist.

[A]/K, = (1 + [B]/Kg) X y/100 — y

EC, values from these fits were used in calculating a Schild
analysis linear regression plot. The antagonist concentration
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and dose ratio minus one (DR — 1) were plotted on the X-axis
and Y-axis, respectively, on a log scale.

Molecular Modeling and Docking. Inactive T2R4
molecular models validated in our previous site-directed
mutagenesis study were used. The T2R4 amino acid sequence
without the FLAG tag was used for model building. The
inactive T2R4 model was built using the rhodopsin crystal
structure (Protein Data Bank entry 1U19) using the - TASSER
server. TMpred and HMMTOP servers were used to predict
the transmembrane regions. The Mod Loop server was used to
model the loop regions. Side chains of the amino acids were
refined with SCWRL4. The receptor was prepared for ligand
docking by adding hydrogen atoms followed by minimization
using steepest descent and conjugate gradient algorithms.

ABA and its metabolite structures were obtained from
pubchem or built using SYBYL-X 1.3 suite (CERTARA). These
molecules were energy-minimized and docked with the T2R4
molecular model using Surflex-Dock of the SYBYL-X 1.3 suite.
At least 10 poses were saved for each molecule. The binding
affinities of the receptor—ligand complexes were obtained from
Surflex-Dock score and expressed as —log(Ky).

Statistical Analysis. All the statistical analyses were
performed using GraphPad Prism version 5.0. Significance
among different columns in bar plots was analyzed using one-
way analysis of variance followed by Tukey’s multiple-
comparison post hoc test (p < 0.05 was considered significant).
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Figure 2. Calcium mobilization assays. (A) Representative calcium traces of pcDNA (mock-transfected) and T2R4 expressed in HEK293T cells and
stimulated with quinine (1 mM) or 0.5 mM ABA, xanthoxin, or phaseic acid (PA). Arrows indicate the time point (20 s) at which the ligands were
added. (B) Dose—response curves of T2R4 stimulated with increasing concentrations of ABA and PA in the presence of agonist quinine. HEK293T
cells transiently expressing T2R4 were treated with different concentrations of the compounds in the presence of 1 mM quinine. T2R4 activity or
calcium mobilization decreased with the increase in ABA concentration, and no change in calcium mobilization was observed in the case of PA. This
indicates ABA inhibits quinine-mediated T2R4 activity with an ICg, of 34.4 + 1.1 uM.

B RESULTS

Prediction of Binding Affinities of ABA and Its
Metabolites for T2R4. In our recent study, we identified
T2R4 residues involved in binding to an agonist (quinine) and
an antagonist (GABA) (Figure 1)."! Both of these ligands were
found to bind within the same orthosteric site in T2R4. Now, in
this study, the quinine binding pocket in T2R4 was selected to
dock ABA and its metabolites. Of the nine compounds
screened, five of them were predicted to bind to T2R4 with
binding affinities ranging from 0.16 to 4.92 uM (Table 1). The
top three compounds, ABA, phaseic acid, and xanthoxin, that
showed high predicted binding affinity were selected for further
functional studies. Xanthoxin is a precursor of ABA, while
phaseic acid is a catabolite formed by the oxidation of ABA.

Functional Effects of ABA, Xanthoxin, and Phaseic
Acid on T2R4. To evaluate the functional effects of these
compounds on T2R4, intracellular calcium was measured in
HEK293T cells expressing T2R4, and in mock-transfected cells.
Initially, a single concentration (0.5 mM) of ABA, xanthoxin, or
phaseic acid was applied to both T2R4-expressing and mock-
transfected cells. Because the ECs, value for quinine activation
of T2R4 is known, it was used as an external agonist control,
treating transfected cells with 1 mM quinine. While xanthoxin
showed a measurable increase in calcium mobilization over
mock-transfected cells, suggesting it acts as an agonist, ABA and
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phaseic acid did not cause a significant increase in calcium
mobilization (Figure 2A).

Showing no agonist activity, ABA and phaseic acid were
subsequently tested for inhibition of agonist-stimulated T2R4.
Competition assays were performed in the presence of the ECy
concentration of the agonist quinine (1 mM) and different
concentrations (0.007—0.5 mM) of ABA and phaseic acid.
Interestingly, ABA was able to decrease the calcium levels
produced by quinine-activated T2R4 in a concentration-
dependent manner (Figure 2B), whereas phaseic acid did not
show any significant difference in the calcium levels (Figure
2B). ABA was able to block T2R4 activity with a half-maximal
inhibitory concentration (ICy,) of 34.4 + 1.1 uM.

Comparison of the calcium traces reveals xanthoxin to be a
weak agonist compared to quinine (Figure 2A). Being a weak
agonist would require larger quantities of this compound for
pursuing studies to derive the ECs, value. Because of the
limited quantities of xanthoxin synthesized, we were not able to
obtain its ECs, value. To overcome this limitation, we used the
more sensitive and reliable IP; assay, which requires relatively
less compound. We treated T2R4-expressing cells with buffer
(to measure basal activity), or 1, 2, and 3 mM xanthoxin, and
the IP; produced was measured in picomoles (Figure 3A).
Xanthoxin (1 mM) was able to activate T2R4, but not
significantly when compared to basal levels. In contrast, 2 and 3
mM xanthoxin-treated T2R4 cells showed a statistically
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Figure 3. Pharmacological characterization of ABA and xanthoxin. (A)
Inositol 1,4,5-triphosphate (IP;) production by T2R4-expressing
HEK293T cells when treated with buffer (basal), different
concentrations of xanthoxin (1—3 mM), quinine (1 mM), and quinine
(1 mM) with ABA (35 uM). pcDNA-transfected cells (mock
transfection) were used as a control; 2 and 3 mM xanthoxin showed
a significant increase in IP; production, comparable to that for T2R4
stimulated with 1 mM quinine. When T2R4-expressing cells were
treated with quinine (1 mM) and ABA (35 M), the amount of 1P,
produced was reduced significantly. (B) Effect of ABA treatment on
basal intracellular IP; production. T2R4 and H214A CAM-expressing
HEK293T cells were treated with 35 M ABA, and the IP; produced
was measured as described in Experimental Procedures. H214A basal
activity was not decreased significantly in the presence of ABA. This
confirms that ABA is an antagonist and not an inverse agonist.

significant increase in IP; production compared to the basal
level and that seen with 1 mM xanthoxin (Figure 3A). To
confirm the antagonist activity of ABA, we stimulated T2R4-
expressing cells with 1 mM quinine (ECj, value), and 1 mM
quinine and 35 M ABA (ICy, value). As expected, levels of IP,
produced in the presence of ABA decreased significantly,
compared to that with quinine alone (Figure 3A).
Pharmacological Characterization of ABA. GPCRs are
known to show some activity in the absence of agonist, and this
phenomenon is often termed basal or constitutive activity.
Some of the T2R mutants also show basal activity higher than
those of native receptors, and these mutants are termed
constitutively active mutants (CAMs).>’ CAMs can be used as
pharmacological tools to classify the blockers as antagonists or
inverse agonists. An antagonist will block the CAM but does
not reduce basal activity further than the wild-type receptor. In
contrast, inverse agonists will reduce the basal activity of the
CAM, significantly below wild-type levels. H214A is a well-
characterized CAM in T2R4 and was successfully used to
classify bitter blockers in our previous study.'' To characterize
the pharmacological activity of ABA, we stimulated T2R4 and
H214A CAM with buffer alone and with 35 uM ABA (ICs,
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value) dissolved in buffer. In both T2R4 and H214A, ABA did
not decrease the basal activity, which confirms that ABA is an
antagonist but not an inverse agonist of T2R4 (Figure 3B).

To determine the nature of ABA antagonism in T2R4 against
quinine, Schild regression analysis was performed. When the
cells were treated with an increasing concentration of quinine
(0.07—5 mM), this increased the level of intracellular calcium
mobilization. At constant concentrations of ABA (3, 30, 100,
and 300 M), the concentration response curves were shifted
to the right without affecting the maximal response (Figure 4).
The effects of ABA are surmountable at high quinine
concentrations. However, this alone would not conclude the
nature of ABA antagonism. When these data were analyzed, the
Schild regression generated a slope of 0.46 + 0.02 with a 95%
confidence interval (CI) (0.33—0.59). The determined pA,
value is 1.99 based on the intercept on the abscissa (Figure 4,
inset).

Ligand Binding Pocket of ABA. To elucidate the T2R4
amino acids involved in binding to ABA, molecular model-
guided mutagenesis was pursued. Interestingly, according to the
model, the binding pocket of ABA is predicted to be very
similar to the quinine binding pocket, with some minor
differences in the hydrogen bonding pattern (Figure S). ABA
formed H-bonds with three ECL2 residues, Asnl172, Asnl73,
and Thr174, and Tyr258 of ECL3. Lys270 of ECL3 was also
present in the 4 A region of the ABA binding pocket; however,
no H-bond was observed, and the K270A mutation showed
hyperactivity.'' The Asnl172 and Tyr258 side chains were
involved in the H-bonding, whereas the backbone of Asn173
and Thr174 mediated the interactions here. The role of most of
these amino acids in ABA binding could not be elucidated as
these were found to be essential for quinine binding."'
However, we were able to characterize the contributions of
Thr174 and Lys270 to signaling in response to ABA treatment.
In our previous study, we showed that T174A shows defective
signaling, while the homologous T174S substitution was able to
signal in response to quinine treatment. Therefore, in this
study, three mutations, T174S, K270A, and K270R, were
studied with respect to calcium mobilization after ABA
treatment. These mutants and WT T2R4 were expressed in
HEK293T cells, and competition assays were pursued with
different concentrations of quinine in the presence of 35 uM
ABA (ICy, value). ABA was able to reduce the quinine-
dependent activity of K270A and K270R, but no significant
difference was found compared to that of T2R4 treated with
quinine and ABA (Figure 6). This suggests that Lys270 is not
important for ABA-mediated signaling. Interestingly, mutant
T174S completely lost the ability to signal upon being treated
with quinine in the presence of ABA (Figure 6A). This suggests
that Thr174 might be involved in ABA binding and signaling.

ABA Activity on Other Known T2R4 Agonists. To test
the ABA antagonism on other T2R4 agonists, we screened four
additional compounds that were reported to activate T2R4,
namely, colchicine, denatonium benzoate, PROP, and
yohimbine.® We observed that of these four compounds, only
yohimbine activated T2R4 and that too not in a concentration-
dependent manner. Under our assay conditions, colchicine,
PROP, and denatonium benzoate were unable to show any
significant activation of T2R4 (Figure S1 of the Supporting
Information). To test ABA antagonism on yohimbine, we
pursued competition assays using a range of yohimbine
concentrations and a fixed concentration of ABA (35 uM)
based on its ICs, value for quinine. Our results suggest that
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Figure 4. Schild regression analysis of ABA antagonism to quinine in T2R4. The concentration dependence of the increase in the level of
intracellular calcium mobilization in response to quinine at different concentrations (0.07—5 mM) was compared in the absence (blue) and presence
of 3 uM (yellow), 30 uM (magenta), 100 uM (black), and 300 uM (red) ABA. The concentration—response curves were shifted to the right with
increasing concentrations of ABA. In the inset, the dose ratio minus one (DR — 1) was obtained from the ECj value of each curve and plotted vs
antagonist concentration on a log scale to calculate Schild linear regression. The Schild plot generated a slope of 0.46 + 0.02 with a 95% CI (0.33—
0.59) indicated with dashed lines. The pA, value was determined as 1.99 indicated as the intercept with an abscissa as a dotted line. Data were
collected from at least five independent experiments with each data point in triplicate. EC;, values were calculated and regression analyses conducted
using Graphpad Prism 5.0.

Figure S. Molecular model of T2R4 bound to quinine and ABA. The compounds were docked to a T2R4 three-dimensional model using the Surflex-
Dock program of the SYBYL-X 1.3 suite, and the docked complexes were analyzed using PyMol. TM1—7 are colored gray; quinine is colored green,
and the amino acids within 4 A of quinine are colored pink. In the ABA-docked T2R4 model, ABA is colored pink and the amino acids within 4 A
are colored gray. The H-bonds are represented as blue dotted lines.

ABA does not inhibit yohimbine-induced T2R4 activity (Figure logical profile of ABA and some of its metabolites on one of the

S1 of the Supporting Information). However, given the atypical well-characterized bitter taste receptors, T2R4.

response of yohimbine on T2R4, not much inference could be On the basis of previously published information about

drawn. agonist and antagonist binding in T2Rs, we pursued virtual
ligand screening of ABA and its eight metabolites. Among

B DISCUSSION these, only five compounds were predicted to bind, and we

chose the top three predicted candidates, ABA, phaseic acid,

GPCRs make up one of the largest gene families in humans and
P gest 8 and xanthoxin, for functional characterization. Competition

play crucial roles in cell—cell communication. Because of their ) v ) ]
crucial roles in various cellular and physiological processes, they assays with quinine showed that ABA is a T2R4 blocker with an

continue to be targeted for development of numerous drugs. ICS(} value of 34.4 + 1.1 uM. Py assays confirmed this finding.
T2Rs are one of the least characterized classes in the GPCR While we were not .ablé.to determine the ECS.O T/?lue for
superfamily. Recent studies showed expression of T2Rs in xanthoxin, as the availability of compound was limiting, the

various cell types, and understanding their role in different initial screening by calcium imaging suggested xanthoxin to be a
physiological processes is at the early stage.**** Functional weak agonist (Figure 2A). This was also confirmed by IPy
expression of T2Rs in heterologous systems allowed deorpha- assays, where no significant difference in IP; production was
nization of most of the receptors. More than 100 natural and observed between 2 and 3 mM xanthoxin, revealing its ECs,
synthetic bitter compounds are known to activate these T2Rs. value to be in the range of 1-2 mM (Figure 3A).
However, information about bitter blockers is very limited. In Pharmacological characterization of ABA using a well-studied
this study, we characterized the biochemical and pharmaco- CAM, H214A, confirmed that ABA is an antagonist and not an
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Figure 6. Functional characterization of T2R4 residues predicted to be important for ABA binding. (A) Cells expressing T2R4, T174S, K270A, and
K270R were stimulated with different concentrations of quinine (0.06—4 mM) in the presence and absence of ICs, concentrations of ABA (35 uM).
Changes in intracellular calcium mobilized were measured (ARFUs). All the experiments were repeated at least three times in triplicate. In all cases,
ABA significantly reduced the activity of the receptors. (B) Raw calcium traces of pcDNA, T2R4, T174S, K270A, and K270R in the presence of 4
mM quinine and/or 35 uM ABA. Arrows represents the time point (20 s) of addition of quinine or quinine with ABA.

inverse agonist (Figure 3B). It is interesting to note that similar
results were observed in the case of gentiobiose and isomaltose.
Gentiobiose is bitter and isomaltose sweet, and they are
anomers. T2R16 can be activated by gentiobiose but not by
isomaltose.>*

From a structural perspective, ABA and xanthoxin have
similar overall structures but differ in the oxidation state of the
side chain (acid vs aldehyde) and with some ring modifications,
including for xanthoxin an epoxide at the 1’ and 2’ ring carbons
in place of a hydroxyl group off the chiral center on ABA, and a
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hydroxyl group in place of the ketone at the 4’ ring carbon.
While any contribution of modification of the compound side
chain is unclear, modeling suggests the impact of the ring
modifications could be critical. In the ABA model, the ketone
oxygen at the 4’ ring carbon makes three H-bonds with
residues 172—174, a position that is stabilized by the hydroxyl
group at the chiral center extending to make a H-bond with the
side chain of residue Tyr258. These four H-bonds stabilize ABA
in a position where it sterically clashes with the side chain
hydroxyl of T174 (Figure S). The fact that ABA is ineffective

DOI: 10.1021/acs.biochem.5b00265
Biochemistry 2015, 54, 2622—-2631


http://dx.doi.org/10.1021/acs.biochem.5b00265

Biochemistry

against the T174S mutant supports the importance of this clash
between ABA and the threonine side chain, in mediating the
antagonistic effect of ABA. However, this model remains to be
validated, and what the exact role of the Thr174 side chain is in
mediating antagonism remains to be determined.

From a structure—function perspective, information about
agonist and antagonist binding is useful for improving the
selectivity and discovering more potent antagonists. For
example, in our previous study, we identified key T2R4
residues crucial for agonist (quinine), antagonist (GABA), and
inverse agonist (BCML) binding. The binding pocket of all
three compounds overlapped, but subtle differences in the
interactions were predicted.'’ This is similar to the situation
here comparing xanthoxin to ABA. Interestingly, for quinine,
GABA, and BCML, ECL2 residues contributed to ligand
binding. Therefore, this region appears to be essential for
agonist and antagonist binding generally. Other contributions
of residues from the TMs and ECLs are specific for each
compound dictating their activity. For example, Lys270 is
important for GABA and quinine binding, while Ala90 is
important for BCML and quinine binding.'" Interestingly,
neither of these residues is important for ABA binding, likely
related to the smaller size of the ABA molecule compared to
quinine. The observation that Thr174 might be involved in
ABA-mediated signaling emphasizes that the mechanism of
ABA antagonism is unique compared to that of GABA. Overall,
we conclude that specific residues in the orthosteric site of
T2R4 play important roles in mediating the observed ligand
specificities and activities.

In our Schild analysis, although the maximal response of
quinine was not affected by increasing concentrations of ABA,
we observed a rightward shift in the dose—response curves for
quinine, and the Schild plot generated a slope of 0.46 + 0.02 at
a 95% CI of 0.33—0.59 with a pA, value 1.99 (Figure 4). A
slope significantly less than unity indicates a number of
possibilities such as i) noncompetitive antagonism, (i)
multimolecular interactions among drugs and receptors, and
(iii) nonequilibrium conditions in the experimental procedures.
When the reduction of the slope is antagonist-related, this
would cause a diminished potency of antagonist. With the
increasing concentrations of antagonist being greater than the
Kg for its antagonism, the Schild equation would not predict a
simple competitive antagonism. A possibility can be an agonist-
related reduction in the slope. At high concentrations (in the
millimolar range), agonists might produce nonspecific
responses such as those mediated by other proteins or
receptors, which cannot be blocked by the antagonist.*® In
addition to T2Rs, at higher concentrations, quinine can also
activate other cellular effectors. Because we performed a
simultaneous treatment with quinine and ABA on the
HEK293T-T2R4-Gal6/44 stable cells, a multimolecular
interaction could be another reason for the reduction in the
slope obtained in Schild regression analysis. Similar conditions
were reported in a previous study in which agouti-signaling
protein (ASIP) was determined to be a surmountable
antagonist at human melanocortin receptors exhibiting complex
mechanisms with slopes significantly less than unity.>> When
the slope is equal to unity, the pA, value gives the antagonist
concentration to produce a dose ratio equal to 2 based on the
intercept with the abscissa. Considering the observations
discussed above, with slope of less than unity we cannot
determine the Ky value of ABA or conclude the interaction is
simple competitive inhibition.*®
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Important criteria for a bitter blocker include that it
preferably be of natural origin and should be available in
sufficient quantities;'® ABA fulfills both criteria. In addition to
being readily available in the human diet through consumption
of plants, ABA also appears to be produced by human cells.
These include leukocytes, pancreatic cells, and mesenchymal
cells. It is suggested ABA acts as a signaling molecule in various
diseased conditions."*'® ABA production was also observed in
the pig brain.>” Recent studies showed the expression of T2R4
in human leukocytes, airways, trachea, colon, gut, and heart,
and in rat brain.>>*"** It is possible that ABA might be playing
a key role in regulating the function of T2R4 in some of these
tissues.

In summary, this study has led to the identification of a new
receptor target for ABA in humans, and characterization of
ABA as a T2R blocker. Interestingly, we found that the ABA
precursor, xanthoxin, acts as a T2R4 agonist while pharmaco-
logical characterization led to the identification of ABA as an
antagonist for T2R4. Molecular model-guided mutational
studies showed that Thr174 in T2R4 plays an important and
unique role in binding and signaling through ABA. The
antagonist activity of ABA on the 24 remaining T2Rs remains
to be tested as does its mechanism of antagonism. Given that
ABA is a natural compound and abundantly present in plants, it
has significant nutraceutical potential.
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Representative calcium traces of T2R4 transfected in HEK293T
cells and induced with different concentrations of bitter
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