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Significance

 Our study reveals the underlying 
molecular mechanisms of 
ligand-induced activation in the 
human bitter taste receptor 
TAS2R5. Despite similar binding 
energies, significant variations in 
agonist potencies were observed. 
Using live cell-based assays, 
optical resonators, and molecular 
dynamics simulations, we found 
that the activation energy of the 
opening of the Gα subunit for 
GDP–GTP exchange, rather than 
binding affinity alone, correlates 
highly with agonist potency. This 
finding refines our understanding 
of G protein-coupled receptor 
(GPCR) activation, paving the way 
for the rational design of new 
therapeutic agents targeting 
these receptors.
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G protein-coupled receptors (GPCRs) regulate multiple cellular responses and repre-
sent highly successful therapeutic targets. The mechanisms by which agonists activate 
the G protein are unclear for many GPCR families, including the bitter taste recep-
tors (TAS2Rs). We ascertained TAS2R5 properties by live cell-based functional assays, 
direct binding affinity measurements using optical resonators, and atomistic molecular 
dynamics simulations. We focus on three agonists that exhibit a wide range of signal 
transduction in cells despite comparable ligand–receptor binding energies derived from 
direct experiment and computation. Metadynamics simulations revealed that the critical 
barrier to activation is ligand-induced opening of the G protein between the α-helical 
(AH) and Ras-like domains of Gα subunit from a precoupled TAS2R5-G protein state to 
the fully activated state. A moderate agonist opens the AH-Ras cleft from 22 Å to 31 Å  
with an energy gain of −4.8 kcal mol−1, making GDP water-exposed for signaling. A 
high-potency agonist had an energy gain of −11.1 kcal mol−1. The low-potency agonist 
is also exothermic for Gα opening, but with an energy gain of only −1.4 kcal mol−1. 
This demonstrates that TAS2R5 agonist-bound functional potencies are derived from 
energy gains in the transition from a precoupled complex at the level of Gα opening. Our 
experimental and computational study provides insights into the activation mechanism 
of signal transduction that provide a basis for rational design of new drugs.

G protein-coupled receptor | bitter taste receptor | airway smooth muscle | FLOWER |  
metadynamics

 The G protein-coupled receptor (GPCR) family forms the largest group of membrane 
proteins in eukaryotic organisms, playing a crucial role in detecting and responding to 
external stimuli such as odorants, hormones, and neurotransmitters ( 1 ,  2 ). Over 800 
GPCRs are expressed in humans and are responsible for regulating cellular responses in 
virtually every cell type and are adaptive or maladaptive in many diseases associated with 
metabolism, heart, lung, and vascular function, and the central nervous system; at least 
30% of FDA-approved drugs target GPCRs ( 3 ,  4 ).

 Binding of an extracellular agonist to an inactive GPCR stimulates multiple intracellular 
signaling pathways through conformational stabilization of the receptor which can lead to 
the activation of a heterotrimeric G protein composed of Gα, Gβ, and Gγ subunits ( 5 ). 
Upon activation, the guanosine diphosphate (GDP) in the Gα subunit is exchanged with 
guanosine triphosphate (GTP), resulting in the release of the Gα and Gβγ subunits to 
mediate downstream signaling. This “simple switch” scheme, whereby receptors jump from 
inactive to fully activated states has been shown to be inadequate to explain multiple aspects 
of in vitro or in vivo receptor responses to ligands ( 6   – 8 ). In contrast, multiple intermediate 
states of the receptor, from the inactive state to the agonist-bound, fully activated state, 
have been hypothesized or identified ( 6 ,  7 ,  9 ). These sequential structural states have the 
potential for differential interactions with the G protein along the transition, suggesting 
that they may be targeted to derive unique functional outcomes from ligand binding. Of 
note, in the context of this paper, these states refer to conformations that lead to G protein 
activation and no other signals such as those arising from receptor interaction with other 
partners ( 8 ,  10 ).

 In our previous study for human bitter taste receptor subtype 5 (TAS2R5), we identified 
the binding site and binding poses for 1,10-phenanthroline (hereafter referred to as T5-1) 
and its 18 derivatives (T5-2 through T5-19) ( 10 ,  11 ). By focusing on the subtype-specific 
interactions, our predicted binding energies correlated well with experimental agonist–
receptor signaling coefficients with R2  = 0.851 for 14 agonists (SI Appendix, Fig. S1 ). 
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However, we noted 4 agonists that were outliers, with predicted 
strong interaction energies but displaying significantly lower 
receptor signaling activities measured by agonist-mediated 
increases in intracellular [Ca2+ ] in intact cells. Such a discrepancy 
must be understood to establish structure–function relationships 
of TAS2Rs with respect to agonist activation needed both for 
development of therapeutic ligands and for understanding gener-
alizable GPCR signaling mechanisms.

 TAS2Rs, which are responsible for bitter taste perception, are 
considered to protect an organism from potentially toxic sub-
stances. TAS2Rs have been reported to be expressed in many 
extraoral tissues throughout the body ( 12 ,  13 ), including airway 
( 14 ), gastrointestinal tract ( 15 ), heart ( 16 ), and brain ( 17 ). Many 
studies have reported that TAS2Rs are associated with various 
disorders and diseases, including asthma ( 18 ), cancer ( 19 ), and 
cardiovascular diseases ( 20 ), making TAS2Rs unique therapeutics 
targets. TAS2R5 is expressed in human airway smooth muscle 
cells, and agonists that act on TAS2R5 to relax these cells and 
relieve airflow obstruction are being considered for treatment of 
asthma and chronic obstructive pulmonary disease (COPD) ( 14 , 
 21 ). TAS2Rs couple to the Gi  family of G proteins, including 
gustducin in taste cells, and Gi1,2,3  in other cell types ( 21 ).

 Herein, we employ both experimental and computational 
approaches to elucidate the molecular mechanisms underlying 
ligand-dependent signaling of TAS2R5 focusing on three agonists, 
T5-1 (moderate-potency), T5-8 (high-potency), and T5-14 
(low-potency). Our experimental data in cellular assays reveal that 
these agonists exhibit significantly different potencies between 
T5-8 and T8-14, with a ~150-fold difference in EC50 . However, 
a method that directly measures ligand affinity using optical res-
onators (there are no radioligands) as well as binding energy cal-
culations by molecular dynamics (MD) simulations exhibit similar 
binding affinities for T5-8 and T5-14 to the receptor. To resolve 
this discrepancy, we used metadynamics (metaD) simulations to 
predict the free energy surface for agonist-induced opening of the 
G protein in the precoupled TAS2R5-G protein complex to release 
the GDP held tightly in the G protein for release and signaling. 
Indeed, we find that the G protein opening for the outlier, T5-14, 
is substantially worse than the other agonists, T5-1 and T5-8, 
explaining its low potency. Thus, the signaling from the nonligand 

bound receptor to its G protein cannot necessarily be ascertained 
from agonist binding pocket energetics alone but requires an 
understanding of the GPCR-G protein as a complex leading to 
transmission of data to the cell interior via transducer activation. 
This appears to be particularly so for TAS2R agonists, where very 
few high-affinity agonists suitable for systemic administration have 
been found due to intrinsic low affinity and their proclivity to be 
activated by a large array of structurally diverse agonists. 

Results

Functional Characteristics of T5-1, T5-8, and T5-14 in Live Cells. 
D9 cells that express TAS2R5 (14, 21) were studied as live cells, 
measuring agonist-stimulated increases in intracellular Ca2+ 
([Ca2+]i), which represents the canonical pathway. The time-
dependent [Ca2+]i responses to the 3 compounds (Fig. 1 A–C) and 
the concentration–response curves normalized to the response to 
the nonspecific ionophore inonomycin (Fig. 1 D–F), respectively, 
reveal that each compound is an agonist. Mean responses from 
multiple experiments reveal a high potency for T5-8 and 150 
times lower potency for T5-14. EC50 of T5-1 was 3-fold lower 
(i.e., greater potency) than that of T5-14 (Table 1). T5-14 also 
exhibited the lowest maximal response, consistent with it being 
a partial agonist. The calculated signal transduction coefficients 
(S.T.) (Materials and Methods) were consistent with T5-14 having 
the lowest transduction over baseline of the 3 agonists, with a rank 
order of T5-8 > T5-1 > T5-14.

FLOWER Toroid Functionalization and Receptor–Ligand Affinity 
Measurements. While the cell-based studies confirm that all 
three compounds are agonists, and by way of the EC50s provide 
a potential rank order of the affinities, we pursued measurements 
of the true ligand–TAS2R5 binding affinity using the frequency 
locked optical whispering evanescent resonator (FLOWER) 
method (22, 23) (Materials and Methods). This method detects 
direct ligand–receptor binding regardless of the location of the 
interaction points, using receptors coated onto microtoroid 
resonators. FLOWER provides agonist–receptor interaction 
energies that should correlate with the computational predicted 
binding energies. The quality (Q)-factor which corresponds to 

Fig. 1.   D9 cells transfected to express TAS2R5 were plated in 96-well plates, loaded with Fluo-4AM, and exposed to the indicated concentrations of the agonists. 
The ionomycin (IONO) concentration was 2 μM. (A–C) are representative experiments showing the time-dependent increases in [Ca2+]i from the indicated agonists. 
(D–F) are of mean data (normalized to the IONO response) fit to a sigmoid curve (n = 7 to 10). Table 1 for mean values of the EC50, EMax, and S.T coefficients.
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photon lifetime of the toroid was calculated from the full-width 
half maximum (FWHM) of the resonance dip and was determined 
for each experiment to be ~105–106 (Fig. 2 A and B).

 For T5-8 and T5-14, the estimated K﻿D  values from FLOWER 
were 0.9 ± 0.7 μM and 2.5 ± 1.6 μM, respectively, while the K﻿D  
for T5-1 was 13 ± 3.5 μM ( Fig. 2 C –E   and  Table 1 ). Thus, the 
direct binding of these agonists to the TAS2R5 showed a rank 
order of the K﻿D s of T5-8 ~ T5-14 > T5-1. This places T5-14 
with an affinity similar to T5-8, which differs substantially from 
the experimental functional results, where T5-8 is ~150-fold more 
potent than T5-14 and overall signal transduction is 2.3 orders of 
magnitude greater than T5-14.  

Prediction of the Precoupled TAS2R5-Gi Protein Complex 
Structure. To understand the origin of the discrepancy between 
the measured binding affinities and the cell-based measurements of 
receptor activation by these agonists, we carried out computational 
approaches using MD and metaD simulations. Since there is 
no experimental structure for TAS2R5, we first used the well-
equilibrated TAS2R5-agonist-Gi protein complex structure from 
our previous computational study (11). Briefly, we predicted the 
fully activated TAS2R5 by using the GPCR Ensemble of Structures 

embedded in Membrane BiLayer Environment (GEnSeMBLE) 
complete sampling methods that examines 13 trillion helix 
packings to determine 25 structures for docking (24, 25). We used 
DarwinDock complete sampling which examines 50,000 poses for 
each of the 25 TAS2R5 structures to select the best one (26). The 
Gi protein was then complexed to the receptor (forming ~12 new 
salt bridges between them), which was inserted into the lipid bilayer 
and followed by over 100 ns of MD simulations to equilibrate the 
full structure. We note that these calculations were carried out first 
for the fully activated ligand-TAS2R5-Gi protein structure.

 To obtain the structure for the TAS2R5-Gi  protein in the pre-
coupled state prior to ligand binding, we first removed the agonist 
from the binding site and then replaced the activated Gi  protein, 
which has a fully opened Gα subunit without GDP, with the inac-
tive Gi  protein containing GDP sandwiched between Ras-like and 
α-helical (AH) domains of the closed Gα subunit. This TAS2R5-Gi  
protein complex was inserted into the lipid bilayer with solvent at 
physiological salt and equilibrated over a 200 ns MD simulation 
( Fig. 3A  ). In this equilibrated TAS2R5-Gi  protein structure, the 
terminal carboxylate of the Gα5 helix (GαF355) forms a salt bridge 
with K1063.53  [the superscript is Ballesteros-Weinstein numbering 
( 27 ), whereas in the fully activated system, GαF355 forms a salt 

Table 1.   Summary of quantities obtained by experiments and simulations for three agonists
Live cell Ca2+ measurements† Flower# Computation

EC50 (μM)‡ pEC50

Emax
(%IONO)§ S.T.¶

KD
(μM)

MD BE||

(kcal mol–1)
metaD DG
(kcal mol–1)

metaD EA
(kcal mol–1)

 T5-1 23.1 ± 3.99* 4.64 71.2 ± 2.41* 6.5 13 ± 3.5* −32.6 −4.8 4.8

 T5-8 0.54 ± 0.07 6.27 81.7 ± 2.37 8.2 0.9 ± 0.7 −41.9 −11.1 3.4

 T5-14 78.4 ± 10.7* 4.11 63.7 ± 3.32* 5.9 2.5 ± 1.6 −41.5 −1.4 6.2

 Apo – – –  – – – 6.9 11.8
*P < 0.05 vs T5-8.
†Results are mean ± SE of 7 to 10 experiments.
‡EC50 is the concentration that achieves half-maximal response.
§Emax is the maximal [Ca2+]i response to agonist minus baseline (no agonist), as a % of the ionomycin response.
¶S.T. is a log-transformed signal transduction coefficient (Materials and Methods).
#Results are mean ± SE of 3 experiments.
||The calculated average binding energies from 3 replicas of 20 ns MD simulations (11).

A B

C D E

Fig. 2.   The recorded signal from three different agonists binding to the TAS2R5 receptor. (A) The recorded binding signal in wavelength resonant shift over time 
for T5-14 binding to the TAS2R5 receptor, (B) a representative resonance dip. The Q-factor is calculated from the full-width half maximum (FWHM). (C–E) The 
wavelength shift response of each indicated agonist from representative experiments. Table 1 shows the mean KD values from multiple experiments.
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bridge with K2156.32  (SI Appendix, Fig. S2 ). Next, each of three 
ligands, T5-1, T5-8, and T8-14, was docked into the binding site 
and then equilibrated for over 150 ns ( Fig. 3 B –D  ). In our previous 
study ( 11 ), we identified four key residues in the binding site, 
S893.36 , Q903.37 , S2886.55 , and W2577.38 . These TAS2R5-specific 
residues are important for ligand recognition and binding and are 
considered to provide subtype specificity to TAS2R5. In particular, 
the hydrogen bonds (HBs) of S893.36  and Q903.37  to the two nitro-
gen atoms at the inside of the ligands appear to provide key inter-
actions for ligand recognition and high affinity. T5-8 containing 
two backside oxygen atoms is capable of forming additional HBs 
with S2886.55  and W2577.38 , while T5-1 with no o﻿-quinone makes 
HBs only with the residues in transmembrane helix 3 (TM3) 
( Fig. 3 B  and C  ).        

 This difference results in significantly different binding energies 
between the ligand and the receptor, –32.64 ± 0.51 kcal mol−1  for 
T5-1 and –41.86 ± 0.91 kcal mol−1  for T5-8, respectively ( 11 ). 
Moreover, we consider the additional HBs of T5-8 with W2577.38  
to promote activation because the rotation of TM7 is one of the 
major structural changes upon activation ( 28 ,  29 ). These interac-
tions of T5-8 with TM7 explain the experimentally observed large 
EC50  difference of T5-8 compared with the others.

 T5-14 exhibits a binding energy similar to that of T5-8, –41.52 
± 0.63 kcal mol−1  (consistent with the similar experimental bind-
ing affinities from FLOWER experiments, see above). However, 
T5-14 showed a different position within the pocket ( Fig. 3 D  
and E  ) ( 11 ) compared to T5-8 and T5-1. The large substituent of 
T5-14 causes a rotation of the ligand due to the limited size of 
the binding site, resulting in a different positioning within the 
pocket between the TM5 and TM6, instead of the TM6 and TM7 
found for T5-8 and T5-1.  

MetaD Simulations of the Transition from Precoupled to 
Activated TAS2R5. To understand how these difference in 
binding would affect downstream signaling, we conducted metaD 
simulations. MetaD is a technique used to enhance sampling in 
MD simulations, particularly when the energy barrier between 

states is too high to be overcome within a feasible simulation 
time. During a metaD simulation, a bias is incrementally applied 
to the potential energy surface for a set of predefined collective 
variables. As the simulation converges, the free energy surface is 
obtained by accounting for the applied bias potential throughout 
the simulation. We used these metaD simulations to evaluate the 
ligand-dependent energetics associated with the activation of the 
Gi protein from the precoupled state. For comparison, we also 
examined the apo protein with no ligand. We focused on the 
energetics (free energy difference, ΔG, and activation energies, 
ΔG*) for opening between the AH domain (the center of mass of 
Cαs for residues 62 to 182) from the Ras-like domain (the center 
of mass of Cαs for residues 42 to 58, and 272 to 280 and 326 to 
335), which defines the GDP binding site (Fig. 4 A and B). The 
results of the free energy calculations clearly show that agonists 
promote the opening of Gα subunit, while the apo protein cannot 
activate the G protein (Fig. 4 C–F). The moderate agonist, T5-1, 
shows the opening from 22 Å to 31 Å in the cleft between the 
AH and Ras-like domain with a free energy activation barrier 
of ΔG* = 4.8 kcal mol−1 and an energy gain of ΔG = −4.8 kcal 
mol−1, making GDP water exposed for exchange with GTP and 
signaling (Fig. 4C). This opening becomes more drastic for the 
high-potency agonist, T5-8, resulting in opening the cleft with 
a free energy activation barrier of ΔG* = 3.4 kcal mol−1 and the 
energy gain of ΔG = −11.1 kcal mol−1 (Fig. 4D). The low-potency 
agonist, T5-14, also shows an exothermic process of Gα opening, 
but with a free energy activation barrier of ΔG* = 6.2 kcal mol−1 
and a small energy gain of ΔG = −1.4 kcal mol−1 (Fig. 4E). For 
all agonists, the standard MD simulations starting with the open 
state structure obtained from the metaD simulations show that it 
remains in the open state (SI Appendix, Fig. S4), which agrees with 
the estimated energetics by metaD simulations that the open state 
is more stable than that of the closed state. In comparison, opening 
the Gα subunit is endothermic for the apo protein with ΔG = 6.9 
kcal mol−1 (Fig. 4F), indicating that the ligand binding is crucial 
to opening the Gα subunit to activate the system. The estimated 
free energy difference of Gα opening by metaD simulations 

A B

D E

C

Fig. 3.   (A) The equilibrated structure of the preactivated TAS2R5-Gi protein complex. (B–D) Binding sites of TAS2R5 with T5-1, T5-8, and T5-14, respectively (Side 
view). (E) Superimposed structures of three different agonists in the binding site (Top view).

http://www.pnas.org/lookup/doi/10.1073/pnas.2409987121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2409987121#supplementary-materials


PNAS  2024  Vol. 121  No. 48 e2409987121� https://doi.org/10.1073/pnas.2409987121 5 of 8

correlates very well with the experimentally obtained function-
related quantities, such as pEC50 (R

2 = 0.98) or S.T. (R2 = 0.99), 
compared to affinity measurements between the receptor and 
agonists (R2 = 0.15 and 0.14, respectively) (SI Appendix, Fig. S5). 
The same poor correlation holds for the cell-based functional 
results with the computationally derived binding energies since the 
computations correlated with directly measured binding affinities 
to the isolated TAS2R5. Taken together, the rank order of the free-
energy determinations for the transition is T5-8 > T5-1 > T5-14, 
which correlates with the functional cell-based studies.

Discussion

 We utilized multiple experimental and computational methods 
to understand how agonists ultimately serve to initiate intracel-
lular signaling with the chemosensory receptor TAS2R5. It has 
been difficult to devise a strategy for finding high-potency agonists 
for this receptor, since the family of TAS2Rs is known to exhibit 
low affinity for plant-based ligands and their analogs. Typical 
approaches have used molecular modeling at the presumed agonist 
binding pocket, with a calculation of binding energies, to rank 
compound leads. However, we found that this was insufficient to 
predict high-potency agonists, with clear outliers which have high 
apparent binding affinity from the computational methods (and 
FLOWER experiments), and reasonable efficacies, but neverthe-
less have low functional potencies ( 10 ,  11 ). Given that the com-
putationally derived binding energies were confirmed by our 
direct ligand–receptor experiments using the optical resonators 
coated with partially purified receptors, we turned our attention 
to the energy of opening Gα to expose the GDP for exchange 
with GTP. These energies successfully predicted the measured 
agonist potencies. We note that other factors may influence the 
EC50  measured in cells, such as receptor expression levels, mem-
brane composition, and kinetic on/off rates. Nevertheless, in our 
model cells, the experiments were conducted in parallel, with 
stable receptor expression, and the same time points for measuring 
[Ca2+ ]i  mobilization were utilized.

 In a binary GPCR activation scheme, where the receptor is 
either “off” or “on”, the agonist binding event is assumed to initiate 
and confer energy transfer to effectors, and thus, the energy of 
binding within the agonist-binding pocket would be a suitable 
measure of receptor activation. Instead, we show here that the 
GPCR forms a precoupled complex which is subsequently 

activated by binding of the agonist. Depending on the agonist 
and its binding site to this precoupled complex, the barrier to 
opening the Gα and signaling may be low with a very negative 
ΔG, as for our most active agonist T5-8, or the barrier may be 
higher with a less negative ΔG, as for our moderately active agonist 
T5-1, or the barrier may be even higher with a much less negative 
ΔG, as for our least active agonist, T5-14. It remains challenging 
to obtain information about the conformational dynamics of 
GPCRs traversing through these transition states, but as shown 
here, it is essential for predicting agonist functional activation 
since the calculation of the energy change between the precoupled 
and activated states correlates with function. Structure determi-
nation techniques such as X-ray crystallography and cryogenic 
electron microscopy (cryo-EM) typically enable capture of the 
lower energy states within an ensemble of conformations. 
Nevertheless, multiple transition states or intermediate conforma-
tions from biophysical techniques including cell assays ( 30 ), NMR 
( 31 ), and fluorescence spectroscopy ( 32 ) have been reported. Such 
studies have indicated that ligands exhibiting different efficacies 
or potencies modulate the relative population of multiple confor-
mational states ( 33                 – 42 ) for several GPCRs, such as β1﻿-adrenergic 
receptor (β1 AR) ( 35 ), β2 AR ( 36 ), the adenosine A2A  receptor 
(A22A ) ( 37 ), the μ-opioid receptor (μOR) ( 38 ), neurotensin recep-
tor type 1 (NTSR1) ( 39 ,  40 ), and metabotropic GABAB  receptor 
( 41 ,  42 ).

 Consistent with this mechanism derived, results from compu-
tational methods ( 23 ,  40 ,  42   – 44 ), experimental NMR ( 36 ) and 
fluorescence resonance energy transfer ( 45 ) have shown that ago-
nists alone  are not likely capable of stabilizing most receptors in 
their fully activated states. These studies suggest that G protein 
binding to promote a precoupled state may occur prior to agonist 
binding. In our work with multiple class A GPCRs, we found that 
G protein binding to form a precoupled complex occurs prior to 
agonist binding ( 42 ). Moreover, a recent cryo-EM study on 
TAS2R46 ( 46 ) determined the complex structure of the active 
receptor with Gs/gust  protein bound, but with the absence of any 
agonist (PDB ID: 7XP4 and 7XP5), supporting our conclusion 
on the formation of precoupled state prior to ligand binding. We 
find agonists with similar potencies can bind in various modes 
within the binding site depending on their structures, influencing 
distinct energetic changes being transmitted from the core of the 
receptor to the opening of the Gα subunit ( Fig. 5 ). This is par-
ticularly so for the μ, κ, and δ-opioid receptors ( 47 ), 5-HT2T  and 

A B C

E

D

F

Fig. 4.   Snapshot structures of metaD simulations for (A) apo and (B) T5-8-bound TAS2R5 representing closed and open conformations of Gα subunit, respectively. 
MetaD energetics associated with opening the Gα subunit as a function of the distance between the AH domain (the center of mass of Cαs for residues 62 to 
182) from the Ras-like domain (the center of mass of Cαs for residues 42 to 58, and 272 to 280, and 326 to 335) for the TAS2R5-Gi protein with (C) T5-1 showing 
ΔG = −4.8 kcal/mol, (D) T5-8 showing ΔG = −11.1 kcal/mol, (E) T5-14 showing ΔG = −1.4 kcal/mol, and (F) apo showing ΔG = +6.9 kcal/mol.

http://www.pnas.org/lookup/doi/10.1073/pnas.2409987121#supplementary-materials
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A2A  ( 43 ), and β2 AR ( 44 ), and now from the current work for 
TAS2R5. In some of our studies with other GPCRs, efficacy 
dependencies were more obvious than potency dependencies, but 
the net signal transduction, considering both attributes, is the 
critical characteristic for an effective agonist therapeutic.        

 For receptors such as TAS2Rs, which are ubiquitously expressed 
in multiple organs in the body showing promise as therapeutic 
targets, high-potency (<10 nM) full agonists have yet to be 
 elucidated. In silico methods ( 13 ,  48   – 50 ) for ranking potential 
agonists for further study at a TAS2R may fail to identify useful 
compounds if only the binding energy is considered. Here, it is 
essential to examine how the potential agonist induces the pre-
coupled GPCR-G protein complex to open to release GDP to 
induce signaling. This may be particularly important for TAS2Rs 
given the pharmacologic characteristics of the agonists known to 
date. Indeed, in our series of relatively similar compounds (derived 
from T5-1), computationally derived binding energies and meas-
ured affinities were insufficient for predicting functional potency. 
However, the free energy associated with the ligand induced tran-
sition from the GPCR-G protein precoupled state to the fully 
activated state correctly predicts agonist-promoted signaling of 
TAS2R5 to intracellular events.  

Materials and Methods

Cells and Culture. An immortalized human airway smooth muscle cell line (D9) 
that expresses TAS2R5 (21) were grown in Dulbeccos Modified Eagle medium 
supplemented with 10% fetal bovine serum, 100 units/mL penicillin, and 100 
μg/mL streptomycin at 37 °C in a 95% air 5% CO2 atmosphere.

[Ca2+]i measurements. D9 cells were plated at 10,000 cells per well in 96-well 
dishes and grown to 90% confluency overnight. They were loaded with Fluo-4 for 
1 h at 37 °C in a 95% air 5% CO2 atmosphere. The compounds were added, and 
fluorescence was read at 37 °C using a Flexstation 3 Multimodal Plate Reader 
(Molecular Devices). The peak response at each concentration was fit to a dose 
log transformed sigmoid curve using Prism (GraphPad, version 10.1.1), which 
provided the EC50 and the maximal response as a % of the IONO response (EMax). 
The signal transduction coefficients were calculated as log(EMax/EC50), with EC50 
in Molar.

FLOWER. Affinity measurements were conducted using FLOWER (22, 23, 51–53). 
FLOWER is based on whispering gallery mode optical resonator technology (54, 
55). Whispering gallery mode optical resonators are ultrasensitive biochemical 
sensors due to their long photon confinement times which enable increased 
light–matter interaction and thus high signal-to-noise biochemical sensing (53, 
56–58). In these experiments, a microtoroid optical resonator was used. Changes 
in the environment surrounding the toroid leads to changes in its resonance 

Fig. 5.   Transitions from the precoupled state to the activated state induced by the binding of T5-1, T5-8, and T5-14, alongside the opening of Gα subunit. Agonist 
potencies correlate more strongly with the energetics of Gα subunit opening than with their binding affinities.
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wavelength which is tracked (59) as a function of different concentrations of ago-
nist that bind to the toroid’s surface (22, 23, 60, 61). To determine the binding 
affinity of various agonists to the TAS2R5 receptor, we functionalized the toroid 
surface with TAS2R5 receptors which were expressed and extracted from HEK-293 
cell membranes. The toroid was first incubated at 3 to 4 °C with DOPC (1,2-Diol
eoyl-sn-glycero-3-phosphocholine) lipid vesicles for 1.5 h at a concentration of 
0.5 mg/mL. This creates a layer of lipid vesicle on the toroid’s surface. In parallel, 
the cell lysate was mixed with CellLyticM at a volumetric ratio of 1:3. The solution 
was then centrifuged at 12,500 rcf for 60 mins at 4 °C. Afterward, the supernatant 
which contains the TAS2R5 receptor was mixed with DBPS (phosphate-buffered 
saline, Dulbecco, pH = 7.4) at a volumetric ratio of 1:6 to reach a critical micelle 
concentration. The toroid was then incubated with this solution for 1.5 h. During 
this incubation, the TAS2R5 receptors will incorporate into vesicles on the surface 
of the toroid.

To find the KD of each agonist to TAS2R5, varying concentrations of agonists 
were perfused over the toroid surface. Between each sample, a 5-minute buffer 
rinse was performed. The response signal from each concentration was analyzed 
based on the value of the peak response of the wavelength shift over time. This 
method of analysis is similar what is used for label-free dynamic mass redistri-
bution (62, 63). The peak value corresponding to each concentration was then 
used to find the KD value based on the following equation (64):

y =
BMax × xn

xn + KD
n + NS × x + background,

where y and x correspond to the response value and concentration value, respec-
tively. BMax is the maximum response of binding, n is the Hill coefficient, KD is the 
binding affinity, NS is the nonspecific binding signal, and background represents 
the baseline signal.

Modeling the Precoupled TAS2R5-Gi Protein Complex. We began by using 
the well-equilibrated TAS2R5-agonist (T5-8)-Gi protein complex structure from 
our previous study (11). The TAS2R5-Gi protein in the precoupled state was 
obtained by a) removing the agonist from the binding site and b) replacing 
the activated Gi protein with the inactive Gi protein containing GDP sandwiched 
between Ras-like and AH domains of the closed Gα subunit. The constructed 
GPCR-G protein complex was embedded in a 1-palmitoyl-2-oleoyl-sn-glycer
o-3-phosphocholine (POPC) lipid bilayer consisting of 271 molecules within a 

~100 × 100 × 140 Å3 box. The final system contained ∼150,000 atoms, includ-
ing water molecules and a 100 mM concentration of sodium and chloride ions.

MD and metaD Simulations. All simulations were carried out with a 2 fs time 
step using GROMACS (65) with PLUMED (66). The CHARMM36m force field (67) 
was used, and the TIP3P model (68) was used to describe water molecules. The 
constructed system was first relaxed using steepest-descent energy minimiza-
tion. The system was further equilibrated by performing NPT (constant number 
of particles, 1 bar pressure, and 310 K temperature) for 10 ns MD simulations, 
where positional restraints were placed on the heavy atoms with a force constant 
of 2.4 kcal mol−1 Å−2. Then, a 200 ns NPT simulation on the TAS2R5-Gi protein 
structure was performed to fully relax the system and to prepare the preactivated 
state. Next, each of three agonists (T5-1, T5-8, and T8-14) were docked into the 
binding site and then equilibrated for over 150 ns.

Well-tempered metaD simulations were performed using PLUMED imple-
mented in GROMACS (SI Appendix, Fig. S3). The bias forces were applied on the 
distance between the AH domain (the center of mass of Cαs for residues 62 to 
182) from the Ras-like domain (the center of mass of Cαs for residues 42 to 58, 
and 272 to 280 and 326 to 335), which defines the GDP binding site in the Gα 
subunit. The bias was applied using a Gaussian width of 1.0 Å, an initial Gaussian 
height of 0.72 kcal mol−1, a deposition interval of 1.0 ps, and a bias factor of 25. 
To preserve key interactions and prevent deformation of the helical secondary 
structure from artificial forces, the HBs between the agonists and the binding site 
residues and the distance between N(i + 4) and C(i) atoms within the Gα5 helix 
(residues 330 to 351) were restrained with a force constant of ~1.2 kcal mol−1 
Å−2 during the metaD simulations. VMD (69) and Chimera (70) programs were 
used for analysis and visualization.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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