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Abstract

Taste receptors are important sensors for the detection of nutrient concentrations in animals. Tastes 

are recognized by interactions between chemical substances and taste receptors. Recently, the high-resolution 

X-ray crystal structure of the extracellular ligand-binding domains (LBDs) of medaka fish (Oryzias latipes) 

taste receptor type 1 (T1r) complexed with the ligands (amino acids) was determined. The medaka fish T1r is 

a heterodimer composing of two different LBDs, T1r2aLBD and T1r3LBD. In this study, we performed all-

atom molecular dynamics (MD) simulations on this heterodimer (T1r2aLBD T1r3LBD) to address ―

mutational effects on key residues nearby each ligand-binding pocket in recognizing one of the ligands (L-
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Gln). For T1r2aLBD, Ser165 was important in ligand recognition owing to its direct hydrogen bond with the 

ligand. After mutating Ser165 to Ile or Ala, the direct hydrogen bonds between the ligand and the binding 

pocket were weakened, which destabilized the ligand-binding form of T1r2aLBD. For T1r3LBD, Ser300 was 

important in the ligand recognition. The water-mediated hydrogen bond with the side-chain hydroxyl group 

of Ser300 is a single interaction to maintain the ligand-binding form of T1r3LBD. After mutating Ser300 to 

Glu or Ala, both mutant systems almost maintained their ligand-binding form. As a mechanism for 

maintaining the binding form of T1r3LBD, alternative hydrogen bonds were formed as direct interactions 

instead of the indirect water-mediated interactions found in the wild-type system, which stablized the binding 

form of T1r3LBD. Judging from our in silico mutational analyses, T1r2aLBD was structurally destabilized 

by the amino acid mutations. Therefore, it might be required that the ligand-binding pocket of T1r2aLBD is 

composed of a set of specific residues to maintain its ligand-binding form. On the contrary, T1r3LBD was 

robust to withstand the amino acid mutations. These different ligand-binding abilities of both LBDs provide 

multiple binding modes, which might be helpful for discriminating various taste substances or detecting 

concentrations of nutrients efficiently.

1. Introduction

Taste receptors are important sensors for the detection of nutrient concentrations in animals. Tastes 

are recognized as responses induced by specific interactions between chemical substances and taste receptors.1, 

2 Animals have a taste receptor type 1 (T1r) family that recognizes a variety of sweetness or umami (savory 

tastes) included in the nutrients such as sugars and L-amino acids.3-5 Structurally, the T1r family is categorized 

into the class C G-protein-coupled-receptor (GPCR) family.6 This family is conserved vertebrates, including 
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fishes, birds, and mammals.7 These kinds of receptors function as constitutive heterodimers such as T1r1–

T1r3 and T1r2–T1r3.3, 5 Depending on each heterodimer, ligand specificity is adjusted to each diet of each 

animal.3-5, 8 Taste substances are mainly recognized by extracellular ligand-binding domains (LBDs) of T1r 

proteins. In previous studies, mutation and modelling/docking studies have revealed that LBDs of T1r 

heterodimers recognize major sweet and umami taste substances.9-15

As an example of T1r, a structural model of the medaka fish (Oryzias latipes) T1r consists of the 

extracellular LBDs, Cys-rich domains, and a transmembrane membrane (TM) domain. The Cys-rich domains 

function as linkers to connect LBDs and the TM domain. Each LBD consists of approximately 500 amino acid 

residues and is divided into two subdomains (LB1 and LB2). The taste substances are recognized by the 

ligand-binding to each LBD. Each taste substance binds to each cleft of LB1 and LB2. Upon ligand-binding 

to these extracellular LBDs, the receptor is activated, leading to signal transduction to the heterotrimeric G-

protein in the cytoplasm. Thus, each LBD plays an essential role in recognizing the taste substance. In previous 

studies, a mechanism of signal transduction of T1r has been reported using other class C GPCR LBDs.16, 17 

More specifically, in both LBDs, the open-to-closed transitions between LB1 and LB2 are induced upon 

ligand-binding to these clefts, accompanied by configurational rearrangements.18 A series of these structural 

transitions propagated to the downstream transmembrane domain activates the heterotrimeric G-protein.

It has been difficult to determine the T1r structure owing to its heterologous expression. However, 

advances in experimental techniques enabled the recent high resolution determination of the X-ray crystal 

structure of the heterodimer of the extracellular LBDs of the medaka fish T1r complexed with ligands (amino 

acids).19 The heterodimer revealed by the X-ray crystallography consists of T1r2-subtype LBD (T1r2aLBD) 
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and T1r3LBD (Fig. 1(a)). Both LBDs individually recognize taste substances (ligands, such as amino acids). 

This X-ray crystallography study evaluated the ligand-binding ability of both LBDs by calculating the G △

values from their crystal structures. In addition, the structural study evaluated the differences in the estimated 

G values ( G) between the various amino acid binding and L-Glutamine (L-Gln) binding to both LBDs. △ △△

The G values correlated with those derived from experimental binding assays for T1r2aLBD-T1r3LBD △△

by fluorescence resonance energy transfer. The experimentally estimated G values indicate that △△

T1r2aLBD and T1r3LBD preferentially recognize L-Gln over other amino acids such as L-Ala, L-Arg, L-Glu, 

and Gly. In this study, we focused on L-Gln that shows the highest binding ability for T1r2aLBD-T1r3LBD 

as a ligand. Figures 1(b-c) show how L-Gln is arranged near the binding pocket of T1r2aLBD and T1r3LBD 

in the X-ray crystal structure. For T1r2aLBD, its binding pocket recognizes L-Gln with multiple hydrogen 

bonds. T1r2aLBD maintains its binding form using two types of interactions with L-Gln. The surrounding 

residues near the binding pocket interact with L-Gln directly or indirectly. As a direct interaction, the -amino 

and carboxyl groups of L-Gln form hydrogen bonds with these key residues near the binding pocket. These 

groups of L-Gln interact with the main-chain amide and side-chain hydroxyl groups of Ser142 and Ser165 of 

T1r2aLBD. On the contrary, as an indirect interaction, the water-mediated hydrogen bonds are dominant 

through the side-chain carboxyl group of Asp288 and Asp289 of T1r2aLBD, as previously reported.19

In addition to the structural analysis of the medaka fish T1r, several point mutations were considered 

for the human T1r to address the ligand-binding responses of both LBDs.19 The human T1r forms a 

heterodimer consisting of T1r2LBD and T1r3LBD with different amino acid sequences from the medaka fish 

T1r. Mutagenesis analyses indicated that point mutations on T1r2LBD at the binding pocket (S165I and 
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S165A) cause a loss of or a weakened response to the L-amino acids. In contrast, a point mutation on T1r3LBD 

at the binding pocket (S300E) maintains the structural stability of the ligand-binding form. These essential 

residues near the binding pocket of LBDs are well-conserved in amino acid sensing taste receptors of T1r1 

and most classes of C GPCRs.6 

Based on these mutagenesis analyses of the human T1r, thist study computationally addressed how 

these point mutations affect the responses involving the recognition of the ligands of both LBDs in medaka 

fish. As previously described, the key residues near the binding pockets have been conserved in several species. 

Therefore, we considered the same point mutations for medaka fish. From a computational point of view, to 

address these mutational effects, we performed all-atom molecular dynamics (MD) simulations for the wild-

type (WT) and mutants of the extracellular LBDs of the medaka fish T1r (Table 1). The all-atom MD 

simulations enable one to analyze possible perturbations from the point mutations in the atomic level, which 

might be a novelty of this study since we can follow detailed interactions between each ligand and each residue 

nearby each binding pocket. As dynamical and structural analyses for these mutational effects, we also 

calculated the ligand-binding abilities of LBDs. More specifically, by evaluating the ligand-binding abilities 

of both LBDs, we clarify how their different ligand-binding abilities are helpful for discriminating taste 

substances in the medaka fish T1r, which might be a new insight for the taste recognition mechanism of this 

heterodimer (T1r2aLBD–T1r3LBD). 

2. Materials and Methods

2.1 Setup of MD Simulations on the Extracellular LBDs of the Medaka Fish T1r
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As an initial configuration, an all-atom system of the heterodimer (extracellular LBDs) of the medaka 

fish T1r was modeled using the X-ray crystal structure (PDBid: 5X2M, Fig. 1).19 The X-ray crystal structure 

was solvated with the TIP3P water model20 and neutralized with counter ions in a rectangular box using the 

GROMACS tool.21 For the ligand, L-Gln was chosen to form the complex. From the experimental 

measurement in the previous study, L-Gln shows the highest binding ability over other amino acids.19 The 

crystal structure indicates that L-Gln interacts with the binding pocket of T1r2aLBD via the characteristic 

interactions (the direct/indirect interactions shown in Figs. 1(b-c)). Judging from the highest ligand-binding 

ability and these specific interactions, L-Gln was chosen as a representative taste substance to form the 

complex. To increase the time step of MD, the chemical bonds of the solute and the water molecules were 

treated with the LINCS and SETTLE algorithms,22,23 respectively. The system temperature and pressure were 

controlled using the modified Berendsen thermostat24 and the Parrinello–Rahman method,25, 26 respectively. 

The electrostatic interactions were evaluated with the particle mesh Ewald method27 using a real-space cutoff 

of 10.0 Å. The cutoff value for van der Waals interactions was set to 10.0 Å. All-atom MD simulations were 

performed with the GPU version of GROMACS 2019 package21 using the AMBER ff03 force field.28 To 

establish a parameter of L-Gln, its restrained electrostatic potential (RESP) charges were calculated based on 

the gas-phase HF/6-31(d) quantum mechanics calculations. Based on the RESP charges, the AMBER tool 

(antchamber)29 generated a set of parameters for L-Gln. The initial configuration was energetically minimized 

before starting the MD simulations. After minimization, a 100-ps MD simulation was performed under NVT 

(T = 300 K). Subsequently, a 100-ps MD simulation was performed under NPT (T = 300 K and P = 1 bar). 

Finally, the relaxed snapshot was regarded as the starting configuration of the production run, which was run 
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on the WT system.

2.2 Evaluations of Ligand-Binding Free Energies on the WT and Mutant Systems

For ligand recognition, a prior mutagenesis analysis of the human T1r reported the key residues of 

LBDs.19 Based on the previous study, we considered the mutational effects on the corresponding amino acids 

in the medaka fish T1r using the all-atom MD simulations. Table 1 shows the WT and its mutants of the 

extracellular LBDs of the medaka fish T1r. Each mutant was modeled in terms of the relaxed heterodimer of 

the WT system by replacing the corresponding residues. For each system, five 200-ns MD runs were 

independently performed under NPT (T = 300 K and P = 1 bar) by changing their initial velocities to obtain 

statistically reliable trajectories. To quantitatively evaluate the ligand-binding free energies of the WT and the 

mutant system, we adopted the molecular mechanics generalized Born surface area (MM/GBSA).30 To 

calculate the ligand-binding free energies, a set of snapshots was selected from the 200-ns MD simulations of 

the WT and mutant system. More specifically, we focused on a time region from 25 ns to 50 ns of each 

trajectory. During this time region, each ligand maintained its binding with each pocket in all the trajectories. 

Therefore, we selected 25 snapshots from each 25-ns trajectory. Finally, we selected 125 snapshots (25 

snapshots  5 runs) to calculate each ligand-binding free energy for each complex based on MM/GBSA.×

3. Results

3.1 Mutational Effects on the Ligand-Binding Pocket of T1r2aLBD

For the direct interaction with the ligand (L-Gln), the serine residues (Ser142 and Ser165) nearby the 
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ligand-binding pocket are conserved in amino acid sensing taste receptors T1r1 and most classes of C GPCRs.6 

Especially, Ser165 contacted with the L-Gln directly in the crystal structure. This tight interaction was 

commonly observed in other amino acids (Ala, Arg, Glu, and Gly), indicating that this direct interaction 

between the L-Gln and the binding pocket might play an essential role in taste recognition. Experimentally, 

mutagenesis of the human T1r (S165I and S165A for T1r2LBD) reportedly resulted in the loss of or a 

weakened response to L-amino acids.19 Therefore, we regarded Ser165 as a key residue for investigation in 

medaka fish based on the mutational analyses of the human T1r. In this study, we reconsidered the direct 

interaction between the L-Gln and Ser165 of T1r2aLBD in medaka fish. To computationally address the 

mutational effect on Ser165, a set of MD simulations was performed on two types of mutants (Type #2 and 

#3 in Table 1). For Type #2 and Type #3, only T1r2aLBD of the WT heterodimer was mutated as follows: 

T1r2aLBD S165I T1r3LBD WT and T1r2aLBD S165A T1r3LBD WT, respectively.― ―

To address the ligand-binding state of T1r2aLBD, the distance between the center of mass of L-Gln 

and the C atom of the 165th residue was monitored. Figures 2(a-c) show a set of profiles of the distance versus 

simulation time for the WT and mutant system. As shown in Fig. 2(a), the ligand dissociated from the binding 

pocket in one of the five MD runs on the WT system. In contrast, as shown in Figs. 2(b-c), the distance rapidly 

increased in the profiles of these mutant systems. Quantitatively, the L-Gln completely dissociated in three 

(four) of the five MD runs on T1r2aLBD S165I (T1r2aLBD S165A). Therefore, these point mutations of 

Ser165 clearly changed the structural stability of the ligand-binding form, indicating that Ser165 of T1r2aLBD 

is a key residue to maintain its ligand-binding pocket. 

To evaluate the ligand-binding ability of T1r2aLBD more quantitatively, the ligand-binding free 
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energies ( Gbind) were calculated for these systems using the gmx_MMPBSA tool31 (Fig. 3(a)). To show the △

ligand-binding abilities of T1r2aLBD depending on the point mutations more clearly, we decomposed △

Gbind into the contributions from the mutated point (the 165th residue of T1r2aLBD) and calculated the 

interaction energies between the L-Gln and the mutated point (IEligand) (Fig. 3(c)). Judging from these IEligand 

values, the S165A mutant system tends to bind to the L-Gln more weakly than the WT system owing to the 

lack of a hydrogen bond between the side chains of Ser165 and the L-Gln. Due to the lack of this interaction, 

the S165A mutant system tends to dissociate from the L-Gln more frequently than the others, supporting the 

ligand-dissociating profiles of T1r2aLBD (Fig. 2(c)). Compared to the S165A mutant system, the IEligand value 

of the S165I mutant system was comparable with that of the WT system (Fig. 3(c)). Therefore, the ligand-

binding position of the S165I mutant system is similar to that of the WT system. As shown in Fig. 4(a), around 

the ligand-binding pocket, three hydrogen bonds were formed by the surrounding hydrophilic moieties with 

the C-terminal of L-Gln, resulting in an almost comparable ligand-binding interaction between the WT and 

S165I systems.

3.2 Mutational Effects on the Ligand-Binding Pocket of T1r3LBD

Figure 1(c) shows the arrangement of the key residues nearby the binding pocket of T1r3LBD in the 

X-ray crystal structure. As shown in Fig. 1(c), the -amino and carboxyl groups of L-Gln form hydrogen 

bonds with Ser150 and Thr173 neary the binding pocket of T1r3LBD. Furthermore, the -amino group of L-

Gln forms a water-mediated hydrogen bond with the side-chain hydroxyl group of Ser300 in LB2 of T1r3LBD 

(Fig. 1(c)). This single hydrogen bond might maintain the closed configuration of T1r3LBD by connecting 
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LB1 and LB2 since there are no other significant interactions between the L-Gln and LB2. This findings 

indicate that Ser300 might be a key residue for recognizing the L-Gln. In a previous study, to address how the 

ligand-binding response is affected by a mutation, the residue 300 of T1r3LBD human T1r was mutated from 

Ser to Glu.19 This point mutation stabilized the ligand-binding form of T1r3LBD. In this study, based on this 

experimental evidence for the human T1r, Ser300 of T1r3LBD in medaka fish was mutated to Glu (Type #4 

in Table 1) to computationally address the mutational effect nearby the ligand-binding pocket. For Type #4, 

only T1r3LBD of the WT heterodimer was mutated as follows: T1r2aLBD WT T1r3LBD S300E.―

Figures 2(d) and (e) show the time series of the distance between the L-Gln and the ligand-binding 

pocket of T1r3LBD on the WT and S300E mutant systems (T1r3LBD S300E), respectively. In these profiles, 

the distances for both systems converged well and the ligand-binding form was maintained in all the MD runs. 

Therefore, this point mutation did not perturb the ligand-binding form of T1r3LBD. To evaluate the ligand-

binding ability of T1r3LBD more quantitatively, the Gbind values for both systems were calculated using △

the gmx_MMPBSA tool31 (Fig. 3(b)). The Gbind values were decomposed into contributions from the △

mutated point (the 300th residue of T1r3LBD; Fig. 3(d)), corresponding to the IEligand values for both systems. 

Judging from the IEligand values, the S300E mutant system tends to bind to the ligand more strongly than the 

WT system. As a reason to maintain the binding form of this mutant, the water-mediated hydrogen bond 

between the L-Gln and Ser300 found in the WT system was replaced with a direct hydrogen bond between 

the -amino group of L-Gln and the side-chain carboxyl group of E300 (Fig. 4(c)). Therefore, LB1 and LB2 

of T1r3LBD was connected by the newly formed direct hydrogen bond between the L-Gln and Glu300.

Next, another mutant system (T1r3LBD S300A) was created to weaken the hydrogen bond between 
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the L-Gln and Ser300 of T1r3LBD. In this study, Ser300 was simply mutated to a hydrophobic residue (Ala) 

(Type #5 in Table 1). For Type #5, only T1r3LBD of the WT heterodimer was mutated as follows: T1r2aLBD 

WT T1r3LBD S300A. Figure 2(f) shows the time series of the distance between the L-Gln and the binding ―

pocket of T1r3LBD. T1r3LBD maintained its ligand-binding form in all the MD runs, indicating that this 

point mutation did not affect the ligand-binding ability of T1r3LBD. As a quantitative evaluation of the ligand-

binding ability of T1r3LBD, the Gbind values of the WT and S300A mutant systems were calcualted (Fig. △

3(b)). In addition, Figure 3(d) shows the IEligand values between the L-Gln and the mutated point (the 300th 

residue of T1r3LBD). Judging from the IEligand values, the S300A mutant system tends to bind to the L-Gln 

more strongly than the WT system, although the S300E mutant system showed the highest ligand-binding 

ability among all the systems. For the S300A mutant system, the L-Gln directly formed a hydrogen bond 

between its side-chain carbonyl group and the side-chain hydroxyl group of Ser301 instead of the water-

mediated indirect interaction (Fig. 4(d)), which might be one of the reasons why the S300A mutant system 

bound strongly to the L-Gln. Interestingly, unlike T1r2LBD, T1r3LBD S300A increased the ligand-binding 

free energy, implying that Ser300 is not optimal for the recognition of the L-Gln. It is likely that Ser300 is 

more sensitive to the other taste ligands than the L-Gln. We will investigate the characteristics of other taste 

ligands and the role of Ser300 in the taste recognition elsewhere.

3.3 Different Structural Fluctuations of T1r2aLBD and T1r3LBD

To address how this heterodimer efficienty recognize taste substances dynamically, we evaluated 

structural fluctuations of both LBDs based on principal component analysis (PCA).32, 33 Multiple trajectories 
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of the WT bound with the L-Gln from 25 ns to 50 ns (5 runs of 25 ns, 125 ns in totall) was used to perform 

PCA. Figures 5(a-b) show the structural fluctuations of T1r2aLBD WT and T1r3LBD WT characterized by 

the 1st principle mode, respectively. As shown in Fig. 5(a), the 1st principal mode of T1r2aLBD WT 

characterized the hinge-bending motion between LB1 and Lb2 upon the ligand binding. Both LB1 and LB2 

of T1r2aLBD WT fluctuated significantly compared to those of T1r3LBD WT. Therefore, T1r2aLBD WT 

flexibly changes the ligand-binding pocket using this hinge-bending motion. Owing to this characteristic 

domain motion, T1r2aLBD WT might promote associations/dissociations of each taste substance frequently. 

On the contrary, T1r3LBD WT did not show characteristic domain motions. Indeed, only LB2 of T1r3LBD 

WT fluctuated, while LB1 did not fluctuate significantly except for the loop regions. Judging from this non-

characteristic domain motion, T1r3LBD WT might possess a rigid ligand-binding poket to recognize each 

taste substance non-specifically without large domain motions.

4. Discussion

Our mutational analyses based on the all-atom MD simulations provide useuful information on the 

interaction changes of the L-Gln with other residues nearby each ligand-binding pocket in the atomic 

level. Therefore, we here discuss the interaction changes derived from our in silico mutations on 

T1r2aLBD and T1r3LBD in detail. For T1r2aLBD, the direct interactions with the L-Gln were 

significantly weakened in the S165I and S165A mutant systems. In both systems, the L-Gln tends to 

fluctuate owing to the loss of the hydrogen bond between the main-chain -amino group of L-Gln and 

the side-chain groups of IIe165 and Ala165 (Figs. 4(a-b)). Interestingly, only the S165A mutant caused 
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the loss of interaction between the side chain of Ser142 and the L-Gln (Fig. 4(b)), while the S165I mutant 

retained the same interaction found in the WT system (Fig. 4(a)). Therefore, the point mutations on S165 

of T1r2aLBD changed the interactions with the key residue (Ser142) nearby its ligand-binding pocket. 

These mutational analyses provide evidence that the ligand-binding pocket of T1r2aLBD is sensitive to 

amino acid mutations. To maintain the ligand-binding form of T1r2aLBD, it is required that this pocket 

is composed of a set of specific residues. For T1r3LBD, the S300E and S300A mutant systems almost 

maintained their ligand-binding forms as found in the WT system. Indeed, the water-mediated indirect 

interaction found in the WT system was replaced with direct hydrogen bonds between the L-Gln and the 

alternative residues in both systems. Owing to the alternative hydrogen bonds with the L-Gln, both 

systems seemed to maintain their binding forms. In addition, both systems retained the interaction 

between the side chain of S150 and the L-Gln (Figs. 4(c-d)) after these point mutations. Therefore, these 

mutational analyses provide evidence that the ligand-binding pocket of T1r3LBD is robust to withstand 

amino acid mutations. 

For T1r2aLBD and T1r3LBD, their different ligand-binding abilities might provide multiple 

binding modes that might be helpful for discriminating various taste substances efficiently. Furthermore, the 

dynamical analysis based on PCA indicates that T1r2aLBD possesses a flexible ligand-binding pocket, while 

T1r3LBD possesses a rigid ligand-binding pocket. Therefore, these different flexibilities in both ligand-

binding pockets also provide multiple binding modes for discriminating taste substances efficiently.

5. Conclusion
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In this study, we performed a set of all-atom MD simulations on the extracellular LBDs of medaka 

fish T1r to computationally address the mutational effects on the key residues nearyby each ligand-binding 

pocket in recognizing the ligand (L-Gln) using the WT and mutant systems. For T1r2aLBD, Ser165 in LB1 

was important in ligand recognition owing to its direct hydrogen bond with the ligand. After mutating Ser165 

to Ile or Ala, the direct hydrogen bonds between the ligand and the binding pocket were weakened, which 

destabilized the ligand-binding form of T1r2aLBD. For T1r3LBD, Ser300 in LB2 was important in the ligand 

recognition since the water-mediated hydrogen bond with the side-chain hydroxyl group of Ser300 in LB2 of 

T1r3LBD is a single interaction that connects LB1 and LB2. After mutating Ser300 to Glu or Ala, both mutant 

system almost maintained their ligand-binding form of T1r3LBD. As a mechanism for maintaining the binding 

form of T1r3LBD, alternative hydrogen bonds were formed as direct interactions instead of the indirect water-

mediated interactions found in the WT system, which stablized the binding form of T1r3LBD by connecting 

LB1 and LB2. These different ligand-binding abilities of both LBDs derived from our mutational analyses 

were quantitatively confirmed by calcuating their ligand-binding free energies based on MM/GBSA.

Judging from our in silico mutational analyses, T1r2aLBD was structurally destabilized by the amino 

acid mutations. Therefore, it might be required that the ligand-binding pocket of T1r2aLBD is composed of a 

set of specific residues to maintain tis ligand-binding form. In contrast, T1r3LBD was robust to withstand the 

amino acid mutations. Therefore, these different ligand-binding abilities of both LBDs provide multiple 

binding modes, which might be helpful for discriminating various taste substances or detecting concentrations 

of nutrients efficiently.  
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 Figure 1

X-ray crystal structure of taste receptor. (a) Heterodimer (extracellular LBDs of the medaka fish T1r) 

composing of T1r2aLBD (purple) and T1r3LBD (green) with the ligand (L-Gln). The L-Gln is drawn with a 

van der Waals (VDW) epresentation. For T1r2aLBD and T1r3LBD, their ligand-binding domains (LB1 and 

LB2) are specified. The key residues nearby each ligand-binding pocket of (b) T1r2aLBD and (c) T1r3LBD. 

The representative hydrogen bonds are highlighted with dashed lines.
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Figure 2

(a)

(b)

(c)

(d)

(e)

(f)

Time series of the distance between the ligand and each ligand-binding pocket. (a) T1r2aLBD WT, (b) 

T1r2aLBD S165I, (c) T1r2aLBD S165A, (d) T1r3LBD WT, (e) T1r3LBD S300E, and (f) T1r3LBD S300A. 

The line colors represent five MD runs performed by changing their initial velocities independently.

Page 16 of 23Physical Chemistry Chemical Physics



17

Figure 3

Ligand-binding free energies and their decompositions into interactions energies between the ligand and each 

mutated point. The upper panels display the ligand-binding free energies ( Gbind) of (a) T1r2aLBD and (b) △

T1r3LBD. The lower panels display the interaction energies between the ligand and each mutated point 

(IEligand) of (c) T1r2aLBD and (d) T1r3LBD. The averages and standard deviations of the energies are 

presented in Table 2.
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Figure 4

The key residues nearby each ligand-binding pocket. (a) T1r2aLBD S165I, (b) T1r2aLBD S165A, (c) 

T1r3LBD S300E, and (d) T1r3LBD S300A. The representative hydrogen bonds are depicted with dashed lines.
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Figure 5

Structural fluctuations of (a) T1r2aLBD WT and (b) T1r3LBD WT bound with the ligands characterized by 

the 1st principal mode. The positions of the ligands are marked with stars. The color gradation represents the 

magnitudes of the structural fluctuations (yellow: averages, red/blue: structures that highly deviate from the 

averages). 
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Table 1

MD conditions of five types of heterodimers (the WT and mutant systems of the extracellular LBDs of the 

medaka fish T1r) depending on the mutational states of both LBDs (T1r2aLBD and T1r3LBD). Type #1 

represents the WT heterodimer without mutations. The others (Type #2, #3, #4, and #5) represent mutant 

systems. In this study, one of the monomers (T1r2aLBD or T1r3LBD) was mutated.

Type of heterodimer T1r2aLBD T1r3LBD Simulation time [ns] Number of MD 

runs

#1 WT WT 200 5

#2 S165I WT 200 5

#3 S165A WT 200 5

#4 WT S300E 200 5

#5 WT S300A 200 5
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Table 2

Gbind: Ligand-binding free energy of each monomer (T1r2aLBD or T1r3LBD). To calculate Gbind based △ △

on MM/GBSA, we used 125 (25 snapshots  5 runs) snapshots for each complex, where these 25 snapshots ×

were distributed in each trajectory from 25 ns to 50 ns.

Type of 

Heterodimer

Gbind △

(T1r2aLBD) 

[kcal/mol]

Gbind △

(T1r3LBD) 

[kcal/mol]

IEligand (T1r2aLBD) 

[kcal/mol]

IEligand (T1r3LBD) 

[kcal/mol]

#1 -23.3 4.2± -22.8 4.7± -2.7 ± 1.4 -0.1 ± 0.3

#2 -25.9 .3± 7 ― -2.5 .8± 0 ―

#3 -15.4 .4± 6 ― -1.5 ± 1.0 ―

#4 ― -30.1 .1± 10 ― -2.8 ± 2.7

#5 ― -27.6 ± 5.0 ― -1.1 ± 1.6

IEligand: Interaction energy between the ligand (L-Gln) and each mutated point (the 165th residue of T1r2aLBD 
or the 300th residue of T1r3LBD)
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