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Bitter taste perception in humans is believed to act as a defense mechanism against ingestion of potential toxic
substances. Bitter taste is perceived by 25 distinct bitter taste receptors (T2Rs) which belong to the family of G
protein-coupled receptors (GPCRs). In the overall context of the role of membrane lipids in GPCR function, we
show here that T2R4, a representative member of the bitter taste receptor family, displays cholesterol sensitivity
in its signaling function. In order to gain further insight into cholesterol sensitivity of T2R4, wemutated two res-
idues Tyr1143.59 and Lys1173.62 present in the cholesterol recognition amino acid consensus (CRAC) motif in
T2R4with alanines. We carried out functional characterization of the mutants by calciummobilization, followed
by cholesterol depletion and replenishment. CRACmotifs in GPCRs have previously been implicated in preferen-
tial cholesterol association. Our analysis shows that the CRAC motif represents an intrinsic feature of bitter taste
receptors and is conserved in 22 out of 25 human T2Rs.We further demonstrate that Lys117, an important CRAC
residue, is crucial in the reported cholesterol sensitivity of T2R4. Interestingly, cholesterol sensitivity of T2R4was
observed at quinine concentrations in the lower mM range. To the best of our knowledge, our results represent
the first report addressing the molecular basis of cholesterol sensitivity in the function of taste receptors.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Gprotein-coupled receptors (GPCRs) are cellular nanomachines that
represent the most important class of membrane-embedded receptors
in eukaryotes. They act as signaling hubs and mediate diverse cellular
responses [1,2]. As a consequence, GPCRs constitute the largest family
of clinical drug targets [3]. The human bitter taste receptors (T2Rs) are
members of GPCR family. They display similarities and differences
with Class A GPCRs [4,5]. T2Rs are chemosensory receptors with impor-
tant therapeutic potential [6,7]. Bitter taste perception is believed to act
as a defense mechanism against ingestion of potential toxic substances.
In humans, bitter taste is perceived by 25 distinct T2Rs. They are
expressed in the oral cavity, gastrointestinal neuroendocrine cells of
the large intestine and in many extraoral tissues [8,9]. T2Rs typically
consist of 290–333 amino acids and display considerable degree of
evolutionary divergence [10].
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The role of membrane lipids in GPCR function is a promising and
emerging area of research [11–17]. In this context, membrane choles-
terol enjoys a unique position in modulating GPCR organization, dy-
namics and function [11–16,18]. Most of the work involving GPCR-
cholesterol interaction has been carried out with Class A GPCRs, mainly
the serotonin1A receptor, β2-adrenergic receptor and rhodopsin. Work
from a number of laboratories has shown that the function of these re-
ceptors depends on membrane cholesterol content, although the exact
mechanism for such cholesterol dependence of receptor function is
not clear. The effect of cholesterol on GPCR function and organization
is believed to be due to direct and/or indirect effects [19]. On the other
hand, it has been shown that membrane cholesterol is not necessary
for the function of the neurotensin receptor 1, another member of
Class A GPCR family [20]. Clearly, it is still early days for predicting
whether the function of a specific GPCR would depend on membrane
cholesterol. Keeping in mind this overall context, in this work, we
have explored the membrane cholesterol sensitivity of a representative
bitter taste receptor, T2R4. A schematic representation of themembrane
embedded T2R4 is shown in Fig. 1. Our results show that the signaling of
T2R4 is sensitive tomembrane cholesterol content. In addition, we have
analyzed the basis of the cholesterol sensitivity of receptor function in
terms of cholesterol recognition/interaction amino acid consensus
(CRAC) motif found in T2R4. In T2R4, Leu1103.55, Tyr1143.59 and
Lys1173.62 are the conserved amino acids of the CRAC motif
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Fig. 1. A schematic representation of the membrane embedded bitter taste (T2R4) receptor showing its topological and other features. The membrane is shown as a bilayer of
phospholipids and cholesterol, representative of typical eukaryotic membranes. The coding region of T2R4 receptor consists of 299 amino acids. The transmembrane helices (I–VII) of
the receptor, predicted using TMpred and HMMTOP programs, are depicted as α-helices. The exact boundary between the membrane and the aqueous phase is not known and
therefore the locations of the residues relative to the membrane bilayer are putative. The amino acids in the receptor sequence are shown as circles. An octapeptide FLAG sequence
was introduced at the N-terminus of the receptor (residues of FLAG sequence are shown as broken circles). The amino acid residues of CRAC motif (see later) are highlighted in yellow
and the conserved residues L110, Y114 and K117 are highlighted in red. Adapted and modified from [22]. See text for other details.
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(Ballesteros-Weinstein numbering) [5]. Our recent studies showed
that the L110A mutation does not affect the expression or function
of the receptor [7]. In this study, we mutated the other two CRAC
motif residues, Tyr1143.59 and Lys1173.62, to alanine in order to un-
derstand their role in cholesterol binding and function of T2R4. To
the best of our knowledge, this is the first report of cholesterol sensi-
tivity of taste receptor function. Given the importance of cholesterol
in human diet, cholesterol sensitivity of bitter taste receptors as-
sumes physiological relevance.

2. Materials and methods

2.1. Materials

Cholesterol, methyl-β-cyclodextrin (MβCD), fetal calf serum,
quinine and other chemicals were purchased from Sigma Chemical Co.
(St. Louis, MO). Calcium sensitive dye Fluo-4 NW, lipofectamine
2000, D-MEM/F-12 [Dulbecco's modified Eagle medium: nutrient
mixture F-12 (Ham) (1:1)], and Amplex Red cholesterol assay kit
were purchased from Invitrogen Life Technologies (Carlsbad, CA). All
other chemicals used were of the highest purity available.

2.2. Methods

2.2.1. Cell culture and transient transfection
CHO cells were maintained in D-MEM/F-12 (1:1) supplemented

with 1.2 g/l of sodium bicarbonate, 10% fetal calf serum, 100 U/ml pen-
icillin and 100 μg/ml of streptomycin in a humidified atmosphere with
5% CO2 at 37 °C. Fusion of mammalian expression vectors pcDNA3.1
(Invitrogen; Carlsbad, CA) with the N-terminal FLAG tagged wild type
T2R4 and the mutant Y114A and K117A receptor genes were carried
out as described earlier [21–23]. CHO cells were transiently transfected
with respective plasmid constructs using lipofectamine 2000 reagent as
per the manufacturer's instructions.

2.2.2. Cholesterol depletion of cells in culture
Depletion ofmembrane cholesterol from the cells in culturewas car-

ried out using MβCD as described earlier [24] with somemodifications.
CHO cells transfectedwith wild type, Y114A or K117A receptor genes in
pcDNA3.1 were plated at a density of ~1 × 105 in clear bottom black
walled 96-well plates in D-MEM/F-12 medium 6–8 h after transfection.
Cellswere grown for 14–16 h, followed by incubation in serum-freeme-
dium for 3 h. Cholesterol depletionwas carried out by treating cells with
5 mM MβCD for 30 min at 37 °C [24]. After a wash with serum-free
medium, cholesterol-depleted cells were used either for cholesterol re-
plenishment or for calcium mobilization measurements.

2.2.3. Cholesterol replenishment in cholesterol-depleted cells
Cholesterol replenishment in cholesterol-depleted cells was carried

out usingwater-soluble cholesterol-MβCD complex as described earlier
[25]. Briefly, cholesterol-depleted CHO cells were replenished with
cholesterol by incubating with cholesterol-MβCD complex for 10 min
in a humidified atmosphere with 5% CO2 at 37 °C. The complex was
prepared by dissolving the required amount of cholesterol and MβCD
in a ratio of 1:10 (mol/mol) in sterile water by constant shaking at
room temperature (~23 °C). Stock solutions (typically 2:20 mM of
cholesterol:MβCD) of this complex were freshly prepared and were
added to 2× serum-free medium to yield final solution containing
1:10 mM of cholesterol:MβCD complex [25]. After a wash with
serum-free medium, these cells were used for calcium mobilization
measurements.

2.2.4. Receptor expression and calcium mobilization assays
Cell surface receptor expression was analyzed by ELISA using

anti-FLAG antibody. The mutants Y114A and K117A were properly
expressed on the cell surface with expression levels of 110 ± 12%
and 80 ± 5%, respectively relative to that of wild type T2R4 (taken
as 100%). Calcium mobilization measurements were carried out as
described earlier [21,26]. Briefly, calcium sensitive dye Fluo-4 NW
was loaded into cells by incubating at 37 °C for 45 min followed by
45 min at ~22 °C. Receptor activation was determined by measuring
changes in intracellular calcium (monitored by measuring increase
in fluorescence) upon stimulation with increasing concentration of
quinine (0.078 to 5.0 mM) or buffer alone (for measuring basal activ-
ity) using Flexstation-3 fluorescence plate reader (Molecular De-
vices; Sunnyvale, CA) at 525 nm following excitation at 494 nm.
Calcium mobilized was expressed as change in relative fluorescence
unit (ΔRFU) after subtracting the responses of cells transfected with
the empty vector.



Fig. 2. Cholesterol-dependent T2R4 signaling. (a) Membrane cholesterol content of CHO
cells transfected with T2R4 upon cholesterol depletion and replenishment. Values are
expressed as nmol of cholesterol per mg protein. (b) Agonist-stimulated calcium
signaling of wild type receptors as a function of membrane cholesterol. Calcium
signaling in control (●, olive), cholesterol-depleted (▲, blue), and cholesterol-
replenished (■, maroon) CHO cells expressing wild type receptors is shown upon
stimulation with increasing concentrations of T2R4 agonist (quinine). CHO cells
expressing wild type receptors were treated with MβCD to deplete membrane
cholesterol and subsequently treated with cholesterol-MβCD complex to replenish
membrane cholesterol. Cells transfected with T2R4 (or the empty vector, pcDNA) were
preloaded with the calcium-sensitive dye Fluo-4 NW were stimulated with increasing
concentrations of quinine and the resultant calcium mobilization was measured. The
difference in relative fluorescence units (RFU) of T2R4 expressing cells with cells
transfected with pcDNA is shown as ΔRFU. Nonlinear curve fitting of the dose-response
data was carried out using Graphpad Prism version 4.0 (San Diego, CA). Data shown are
means ± S.E. of at least three independent experiments (**corresponds to significant
(p b 0.01) difference in cholesterol content of cholesterol-depleted cells relative to
control cells). See Materials and methods for other details.
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2.2.5. Cell membrane preparation and cholesterol quantification
Cell membranes were prepared from untreated, cholesterol-

depleted, and cholesterol-replenished cells as previously described
[27]. Briefly, cells were harvested by treatment with 10 mM Tris,
5 mM EDTA, pH 7.4 buffer and homogenized with a Polytron homoge-
nizer. The cell lysate was centrifuged at 500 ×g for 10 min and the
resulting post-nuclear supernatant was centrifuged at 40,000 ×g for
30 min. The pellet was suspended in 50 mM Tris, pH 7.4 buffer. The
amount of cholesterol present in these membranes was quantified
using Amplex Red cholesterol assay kit [28].

2.2.6. Amino acid sequence analysis and identification of CRACmotif in hu-
man T2Rs

All the amino acid sequences of humanT2Rswere retrieved from the
NCBI database. Multiple sequence alignment was performed using
ClustalWmultiple sequence alignment program, as described previous-
ly [7]. The CRAC motif in human T2Rs (with the conserved tyrosine
(Y) alongwith leucine (L)/valine (V) toward its amino terminus and ly-
sine (K)/arginine (R) toward carboxy terminus, within five residues on
either side) were manually identified.

2.2.7. Molecular modeling and docking studies
Three-dimensionalmolecularmodel of T2R4was built using Sybyl-X

2.0 molecular modeling suite (Tripos Inc., USA). Rhodopsin crystal
structure (PDB ID:3DQB) was used as a template. First stage minimiza-
tion was performed using the steepest descent and conjugate gradient
algorithms. MD simulation for 10 ns was carried out with a time-step
of 2 fs, collecting trajectory data every 500 ps. The SHAKE algorithm,
which constraints the hydrogen-heavy atom bonds was applied. Simu-
lations were carried out using Sybyl-X 2.0 at constant temperature (300
K), and pressure (1 atm). Periodic boundary conditions were used to
treat long-term electrostatics. T2R4 model obtained this way was used
for cholesterol docking. Cholesterol was docked to the identified CRAC
motif of T2R4 using the Surflex-Dock docking program within Sybyl-X
2.0. This complexwas further energyminimized. PyMolmolecular visu-
alizer software was used to analyze the T2R4-cholesterol complex.

2.2.8. Analysis of data
Nonlinear curve fitting of the dose response data was carried out

usingGraphpad Prismversion 4.0 (San Diego, CA). EC50 valueswere cal-
culated from nonlinear regression analysis.

3. Results

3.1. Membrane cholesterol sensitivity of human T2R4

In order to examine the sensitivity of T2R4 function to membrane
cholesterol, we monitored the phospholipase C mediated increase in
calcium mobilization upon activation of T2R4 with increasing concen-
tration of the specific agonist quinine, under conditions of varying cho-
lesterol content. Quinine is the only pharmacologically characterized
T2R4 full agonist, including its ligand binding site mapped at the recep-
tor. We modulated cell membrane cholesterol levels using MβCD, a
water-soluble compound that has earlier been shown to selectively
and efficiently extract cholesterol from cellular membranes by includ-
ing it in a central nonpolar cavity [24,29,30]. Fig. 2a shows cell mem-
brane cholesterol content of cholesterol-depleted and cholesterol-
replenished cells. Upon treatment of cells with 5mMMβCD, cholesterol
content was reduced to ~66% of control (i.e., withoutMβCD treatment).
Cholesterol replenishment of cholesterol-depleted cells was carried out
by incubating the cholesterol-depleted cells with cholesterol-MβCD
complex (see Materials and methods). As shown in Fig. 2a, replenish-
ment of cholesterol with this complex resulted in recovery of cholester-
ol to ~99% of control.

The functional correlates of these manipulations of membrane cho-
lesterol are shown in Fig. 2b. The figure shows a characteristic dose
response curve for T2R4 in control cells corresponding to EC50 value of
1.6mM (see Table 1). Interestingly, T2R4was found to exhibit increased
signaling upon depletion of membrane cholesterol using MβCD, as evi-
dent from the agonist dose response curve. We were not able to deter-
mine EC50 in cholesterol-depleted cells since the dose response curve
did not display saturation at 5 mM quinine concentration. We could
not measure calcium responses at quinine concentrations higher than
5 mM due to significant non-specific effects observed at this concentra-
tion, as described earlier [22]. Analysis of raw calcium traces, suggest
that at 5 mM quinine concentration, the addition of quinine causes an
immediate increase in calcium spike (see Fig. S2) and is sustained for
an extended period of time. In contrast, at lower concentrations of qui-
nine the initial calcium spike decreases rapidly and approaches baseline.
The observed effect at higher quinine concentration could be due to lack
of desensitization of T2R4. Fig. 2b shows that agonist mediated calcium
signaling was restored similar to control levels (EC50 value of 1.8 mM,
see Table 1) when cholesterol was replenished close to normal levels.
Such characteristic dependence of signaling function on cholesterol
content has not been previously demonstrated for any taste receptors.



Table 1
EC50 values for calcium signaling of T2R4 receptors as a function of membrane
cholesterola,b.

Wild type Y114A K117A

Normal 1.6 ± 0.3 1.9 ± 0.3 –
Cholesterol-depleted cells – – –
Cholesterol-replenished cells 1.8 ± 0.5 1.8 ± 0.6 –

a EC50 values (in mM) were calculated from nonlinear regression analysis of the dose-
response data using Graphpad Prism version 4.0.

b Calcium signaling of the receptor was assayed by monitoring changes in calcium
mobilization signal upon stimulation with increasing concentrations of quinine. Data rep-
resentmeans±S.E. of at least three independent experiments. SeeMaterials andmethods
and Figs. 2–4 for more details.
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3.2. Cholesterol binding motif in T2Rs

An increasingly emerging feature in recently solved high resolution
crystal structures of GPCRs is the presence of closely associated choles-
terol molecules ([31–34]; recently reviewed in [15]). Several structural
motifs of proteins and receptors have been postulated to induce
preferential association with cholesterol [13,15]. A major motif in this
category is the CRAC (cholesterol recognition/interaction amino acid
consensus) motif [35,36]. The CRAC motif is characterized by the se-
quence -L/V-(X)1–5-Y-(X)1–5-R/K-, in which (X)1–5 represents between
one and five residues of any amino acid. Importantly, we recently re-
ported the presence of CRAC motifs in representative GPCRs such as
rhodopsin, the β2-adrenergic receptor, and the serotonin1A receptor
[37], that have been shown to exhibit membrane cholesterol sensitivity
for their function. High occupancy of cholesterol at some of the CRAC
sites in the serotonin1A receptor has been reported by molecular dy-
namics simulations using the MARTINI coarse-grain approach [38].

In order to explore molecular details of cholesterol sensitivity of
T2R4 function (Fig. 2b), we examined whether bitter taste receptors
in general, and T2R4 in particular, possess CRAC sequence. We found
that the interface of transmembrane helix III and intracellular loop 2
of T2R4 has a CRAC motif (see Fig. 1). Amino acid sequence align-
ment of human T2Rs showed that the CRAC motif is conserved in
22 out of 25 human T2Rs (see Fig. S1). This implies that CRAC motif
is an inherent characteristic feature of majority of T2Rs. Interesting-
ly, we have previously shown that CRAC motifs are inherent charac-
teristic features of the serotonin1A receptor and are conserved over
natural evolution [37].
Fig. 3. Role of crucial amino acid residues of the CRAC sequence in agonist-stimulated
calcium signaling of T2R4 receptors. Calcium mobilization in CHO cells expressing wild
type (●, olive), Y114A (■, blue), and K117A (▲, maroon) receptors, is shown upon
stimulation with increasing concentrations of quinine. All other conditions are as in
Fig. 2. Data shown are means ± S.E. of at least three independent experiments. See
Materials and methods for other details.
3.3. CRAC motif in T2R4: importance of crucial residues in signaling

In order to understand the importance of conserved CRACmotif res-
idues in T2R4 function, we mutated specific amino acid residues in the
CRAC sequence andmonitored agonist-stimulated calciummobilization
by the wild type andmutant receptors. In this context, it is important to
note that a cholesterol binding motif has previously been proposed to
contain an aromatic amino acid (for a possible interaction with ring D
of cholesterol) [32] and a positively charged residue (for electrostatic in-
teractions with 3β-hydroxyl group of cholesterol) [39,40]. The crucial
CRAC motif residues for T2R4 are leucine, tyrosine, and lysine, at posi-
tions 110, 114, and 117, respectively (see Fig. 1). The importance of
some of these residues in T2R4 signaling is shown in Fig. 3. The figure
shows agonist-stimulated calciummobilization for the wild type T2R4,
and mutant Y114A and K117A receptors with increasing concentration
of the T2R4 agonist quinine. Analysis of dose response curves yielded
EC50 of 1.6 mM in case of the wild type receptors (see Table 1). The cor-
responding value for the mutant Y114A receptor was 1.9 mM. Interest-
ingly, the mutant K117A receptor showed increased signaling and did
not exhibit saturation even at higher concentrations of quinine. Deter-
mination of EC50 was therefore not possible in this case. These results
demonstrate that Lys117 in the CRAC sequence has significant effect
on T2R4 signaling with Tyr114 showing only a mild effect. It should be
noted here that we have previously shown that the Leu3.55 (which cor-
responds to L110)mutation does not affect the expression and function
in a similar bitter taste receptor, T2R1 [7].
3.4. Cholesterol sensitivity of mutant receptors: importance of key CRAC
residues

The significance of the key amino acid residues of the CRAC sequence
could be further explored by monitoring the sensitivity of the function
of themutant receptors under conditions of varying cholesterol content.
We therefore modulated membrane cholesterol content of cells ex-
pressing the mutant Y114A and K117A receptors and monitored
agonist-stimulated calcium signaling for these receptors. Fig. 4a shows
that membrane cholesterol content of cells expressing Y114A and
K117A receptors was reduced to ~68% and ~38% of control levels
upon treatment with MβCD. Cholesterol replenishment of cholesterol-
depleted cells using cholesterol-MβCD complex resulted in recovery of
cholesterol to ~90% and ~108% of control, respectively. The effect of
such modulation of membrane cholesterol content on the signaling of
Y114A and K117A receptors is shown in Fig. 4b and c. Fig. 4b shows
that the mutant Y114A receptor exhibits concentration-dependent
quinine-stimulated calcium signaling with EC50 value of 1.9 mM under
control conditions (in the absence of cholesterol modulation), similar
to wild type receptor (see Fig. 3 and Table 1). Interestingly, upon deple-
tion of membrane cholesterol, Y114A receptor was found to exhibit en-
hanced signaling, as evident from the agonist dose response curve (see
Fig. 4b). Since the dose response curve did not display saturation, we
could not determine EC50 in cholesterol-depleted cells. The figure also
shows that agonist mediated calcium signaling was restored to control
levels (EC50 value ~1.8 mM, see Table 1) when cholesterol was
replenished in cholesterol-depleted cells. On the other hand, themutant
K117A receptor was found to exhibit enhanced signaling relative to the
wild type receptor (see Fig. 3 and Table 1). Importantly, the K117A re-
ceptor did not exhibit any appreciable change in its signalinguponmod-
ulation of membrane cholesterol content (Fig. 4c). Representative raw
calcium traces for CHO cells mock-transfected or transfected with
Y114A and K117A mutants upon stimulation with quinine under con-
trol, cholesterol-depleted and cholesterol-replenished conditions are
shown in Fig. S3. Taken together, these results point out that the
Lys117 residue of CRACmotif is not only important in normal function-
ing of the T2R4 receptor but also plays a significant role in sensitivity of
the receptor to membrane cholesterol content.



Fig. 4. Effect of membrane cholesterol content on agonist-stimulated calcium signaling in
CHO cells expressing Y114A and K117A receptors. (a) Membrane cholesterol content of
CHO cells transfected with Y114A (blue) and K117A (maroon) receptors upon
cholesterol depletion and replenishment. Values are expressed as nmol of cholesterol
per mg protein. Panels (b) and (c) show calcium signaling in control (●, olive),
cholesterol-depleted (▲, blue), and cholesterol-replenished (■, maroon) CHO cells
expressing (b) Y114A and (c) K117A receptors upon stimulation with increasing
concentrations of quinine. All other conditions are as in Fig. 2. Data shown are means ±
S.E. of at least three independent experiments (* and ***correspond to significant
(p b 0.05 and p b 0.001) difference in cholesterol content of cholesterol-depleted cells to
control cells). See Materials and methods for other details.

Fig. 5. Energy-minimized model of T2R4 receptor docked to cholesterol. Cholesterol was
docked between the transmembrane helices III and IV in the CRAC motif of the receptor.
Cholesterol is shown in pink and residues within 4 Å are shown in green. A hydrogen
bond between K117 and β-OH group of cholesterol is shown as a broken blue line.
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3.5. Molecular docking of cholesterol to the T2R4 CRAC motif

In order to further understand the possiblemolecular interactions of
the amino acid residues of the CRAC sequence of T2R4 and membrane
cholesterol, we performed molecular docking of cholesterol with the
CRAC motif. Cholesterol was docked to the CRAC motif of T2R4
(highlighted in Fig. 1), and the T2R4-cholesterol complex was energy
minimized. Amino acid residues present within 4 Å of the cholesterol-
binding pocket were analyzed for possible interactions. Cholesterol
was docked toward the intracellular side of transmembrane helices III
and IV. The polar hydroxyl group of cholesterol was pointed toward
the cellular interior and the flexible isooctyl hydrocarbon tail facing
the membrane. Fig. 5 shows the T2R4 CRAC motif residues that are in-
volved in interaction with cholesterol. The nitrogen atom of Lys117
side chain was found to be involved in hydrogen bond interaction
with the 3β-hydroxyl group of cholesterol. According to this model,
Tyr114 does not interact with cholesterol, and its side chain appears
to face transmembrane helices of T2R4. The hydrophobic region of cho-
lesterol was flanked in the hydrophobic pocket formed by aliphatic
amino acids Leu109, Iso112, Leu113, and Val116 of transmembrane
helix III and Iso137 and Leu140 of transmembrane helix IV.
4. Discussion

As mentioned above, the role of membrane cholesterol in GPCR
function constitutes an active and emerging area. Recent reports de-
scribing the presence of closely associated cholesterol molecules
[31–34] in high resolution crystal structures of GPCRs have provided
additional impetus in this area. In spite of a growing number of
reports on cholesterol sensitivity of GPCR function, a general consen-
sus on the mechanism of GPCR-cholesterol interaction remains
elusive.

The human T2Rs belong to the GPCR superfamily. Their importance
stems from the fact that a large number of structurally diverse and nat-
urally occurring bitter compounds are recognized by them. Failure in
detecting these compounds could be lethal since some of the bitter
compounds are extremely toxic [10]. The perception of taste represents
a crucial element because it acts as a sensor in the context of ingestion of
food. Since cholesterol is an important part of human food, and choles-
terol content in human tissues is contributed by food intake andmetab-
olism [41], interaction of membrane cholesterol with bitter taste
receptors could be relevant. In this work, we show that T2R4, a repre-
sentative member of the bitter taste receptor family, exhibits sensitivity
to membrane cholesterol in its function.
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Membrane cholesterol has been shown to be crucial for the organi-
zation and function of a number of GPCRs [11,13,14,16]. As mentioned
above, the effect of membrane cholesterol on GPCR organization and
function could be due to direct and/or indirect effects [19]. In this con-
text, a number of structural features of proteins have been suggested
to be involved in preferential association with cholesterol [36,42].
Among these, one of the most studied motifs in membrane proteins,
that exhibit sensitivity to cholesterol content, is the CRAC motif [35,
36]. Subsequent to their identification in peripheral-type benzodiaze-
pine receptors [35], after more than a decade, CRACmotifs were identi-
fied in GPCRs such as rhodopsin, the β2-adrenergic receptor, the
serotonin1A receptor [37] and the human type I cannabinoid receptor
[43]. In addition, membrane proteins such as caveolin-1 [44] and the
HIV-1 transmembrane protein gp41 [45] have also been shown to
possess CRAC motifs. In order to decipher the basis of the observed
cholesterol sensitivity of T2R4 function, we examined whether bitter
taste receptors in general, and T2R4 in particular, possess CRAC se-
quence. We report here the presence of CRAC motif in T2R4 and
demonstrate that Lys117 plays an important role in its cholesterol
sensitivity. To the best of our knowledge, our results represent the
first report of the molecular basis of cholesterol sensitivity in the
function of taste receptors. It is interesting to note that it has been
recently proposed that cholesterol binding motif should contain a
positively charged residue capable of participating in electrostatic inter-
actions with 3β-hydroxyl group of cholesterol [39,40]. Our present re-
sults with T2R4 therefore support this prediction and demonstrate
that lysine in the CRAC sequence of T2R4 plays a crucial role in sensitiv-
ity of the receptor signaling to membrane cholesterol.

As stated above, the Y114A mutant did not exhibit any significant
difference from the wild type receptor in terms of calciummobilization
(Fig. 3 and Table 1) and sensitivity to membrane cholesterol (Fig. 4b).
Analysis of the energy-minimized model of T2R4 (Fig. 5) shows that
the side chain of Tyr114 appears to face the transmembrane helices,
away from the cholesterol. Our results therefore suggest that the
Tyr114 does not appear to play a significant role in signaling by the
receptor. However, we cannot exclude the possibility of either direct
or indirect influence of other amino acids in T2R4-cholesterol interac-
tions. It is important to note here that several amino acids at the inter-
face of transmembrane helix III and intracellular loop 2, at which T2R4
has CRAC motif, have been shown to play a crucial role in G-protein
coupling and signaling by GPCRs.

It is important to note here that the mere presence of CRAC
motif(s) does not necessarily mean that this site preferentially associ-
ates with cholesterol. In other words, the presence of CRAC motif is
only indicative of possible interaction of cholesterol with receptors
and it would therefore be prudent to rely on further experimental vali-
dation of such interaction. For example, it has been shown that although
the neurotensin receptor 1, a member of the GPCR family, possess two
CRAC motifs, it does not display any dependence on membrane choles-
terol for its function [20]. In this context, it is important to deciphermo-
lecular details of the nature of cholesterol sensitivity in case of bitter
taste receptors, which would lead to better insight in our overall under-
standing of the functioning of these receptors in healthy and diseased
states. Future analysis of the frequency of occurrence ofmutant taste re-
ceptors in various populations could provide novel information on the
development of gastronomic preferences across theworld over the evo-
lution of human civilization.
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