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a b s t r a c t

Activation of human free fatty acid receptor 1 (FFAR1, also called hGPR40) enhances insulin secretion in a
glucose-dependent manner. Hence, the development of selective agonist targeting hGPR40 has been pro-
posed as a therapeutic strategy of type 2 diabetes mellitus. Some agonists targeting hGPR40 were
reported. The radioligand-binding studies and the crystal structures reveal that there are multiple sites
on GPR40, and there exists positive binding cooperativity between the partial agonist MK-8666 and full
allosteric agonist (AgoPAM) AP8. In this work, we carried out long-time Gaussian accelerated molecular
dynamics (GaMD) simulations on hGPR40 to shed light on the mechanism of the cooperativity between
the two agonists at different sites. Our results reveal that the induced-fit conformational coupling is bidi-
rectional between the two sites. The movements and rotations of TM3, TM4, TM5 and TM6 due to their
inherent flexibility are crucial in coupling the conformational changes of the two agonists binding sites.
These helices adopt similar conformational states upon alternative ligand or both ligands binding. The
Leu1384.57, Leu1865.42 and Leu1905.46 play roles in coordinating the rearrangements of residues in the
two pockets, which makes the movements of residues in the two sites like gear movements. These results
provide detailed information at the atomic level about the conformational coupling between different
sites of GPR40, and also provide the structural information for further design of new agonists of
GPR40. In addition, these results suggest that it is necessary by considering the effect of other site bound
in structure-based ligands discovery.
� 2021 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Bio-
technology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The free fatty acid receptor 1 (FFAR1, also called GPR40) is a
member of the class A G protein-coupled receptors (GPCRs). The
GPR40 is highly expressed in pancreatic b cells [1,2], and has been
identified as a receptor for medium and long-chain saturated and
unsaturated FFAs [1,3,4]. Activation of GPR40 enhances glucose-
stimulated insulin secretion [1,5–7]. Hence, the human GPR40
(hGPR40) has been proposed as a therapeutic target of type 2 dia-
betes mellitus [1,8–10]. And GPR40 agonists for the treatment of
type 2 diabetes mellitus offer advantages with inducing insulin
secretion in a glucose-dependent manner without inducing hypo-
glycemia [8,9]. A range of synthetic agonists of GPR40 has been
reported [11–20], the most representative TAK-875 in the treat-
ment of type 2 diabetics mellitus proceeded into phase III clinical
trials [11,21,22]. Nevertheless, TAK-875 development was termi-
nated because of potential liver toxicity [23]. Moreover, a later
study indicated that TAK-875 inhibits hepatobiliary transporters,
which provides potential mechanisms for TAK-875 induced liver
injury [24]. Accordingly, this also puts forward requirement to dis-
cover or design a selective agonist of GPR40.
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Radioligand-binding interaction studies demonstrate that the
presence of multiple ligand-binding sites on GPR40 [25], and there
exist positive heterotropic cooperativity and positive functional
cooperativity between the full allosteric agonists (AgoPAMs) and
partial agonists. The crystal structures of GPR40 respectively
bound with partial agonist TAK-875 [26], with partial agonist
MK-8666, with MK-8666 and AgoPAM AP8 [27] were reported.
These crystal structures reveal two distinct sites, the partial ago-
nists TAK-875 and MK-8666 bind at the site that engages between
transmembrane helices 3–5 (TM3-5) and the extracellular loop 2
(ECL2) regions; the AgoPAM AP8 sits outside the transmembrane
helical bundle, a pocket formed by TM3, TM4, TM5 and intracellu-
lar loop 2 (ICL2) (Fig. 1). Simultaneously, the structural comparison
reveals an induced-fit conformational coupling between the partial
agonist and AgoPAM binding sites [27]. The rearrangements of the
TM4 and TM5 and transition of the ICL2 into a short helix likely
involve the positive binding cooperativity between the partial ago-
nist and the AgoPAM [27]. However, static crystal structures in
specific experimental conditions limit the conformations explo-
ration of receptors upon binding various ligands. We have less
knowledge of the positive binding cooperativity between these
ligands from the crystal structures.

The molecular dynamics (MD) simulations provide dynamical
properties of the interaction between ligands and receptors and
conformational dynamics of biomolecules at atomic level. While,
the insufficient sampling of conventional MD (cMD) due to the
large energy barrier between various intermediates limits the
study of large biomolecular systems. The enhanced sampling
methods [28–33], by adding boost potential on a system or a set
of predefined reaction coordinates, enable the biomolecular sys-
tems to overcome high energy barriers in the free energy landscape
and sample in multiple conformational state spaces. The Gaussian
accelerated molecular dynamics (GaMD) [29] simulations allow
exploring the biomolecular conformational space without the need
to set predefined reaction coordinates and achieves unconstrained
enhanced sampling. The GaMD has been proved to be a powerful
enhanced sampling method in the study of large proteins such as
GPCRs [34–40].

Herein, we performed a total of 16 ls GaMD simulations on
GPR40 to shed light on the mechanism of positive binding cooper-
ativity between the partial agonist MK-8666 and AgoPAM AP8. We
compared the conformational dynamics of GPR40 respectively
bound to MK-8666, AP8, both MK-8666 and AP8, and apo state.
Moreover, we estimated the binding affinity of MK-8666 and AP8
Fig. 1. The crystal structures of GPR40 in binary complex (yellow) with MK-8666
(represented by stick, magenta) and in ternary complex (purple) with MK-8666 and
AP8 (represented by stick, green). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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in absence and presence of another ligand by Molecular Mechan-
ics/Generalized Born Surface Area (MM/GBSA) [41]. We
re-docked AP8 to dominant structures extracted from GaMD simu-
lations and crystal structures of GPR40, and calculated the RMSDs
of redocked poses of AP8 by referencing the natural binding pose of
AP8 in crystal structure. These results reveal a bidirectional
induced-fit conformational coupling between the partial agonist
and AgoPAM binding sites. And the positive cooperativity between
the MK-8666 and AP8 is bidirectional. The rotations and shifts of
TM3, TM4, TM5 and TM6 play critical roles in coupling the two
sites. Upon alternative ligand bound of the two sites, the conforma-
tion changes of the other site by rearrangements of these helices.
The movements of these residues are coordinated like gear move-
ments. Besides, our results could be used in structure-based
ligands discovery or structure-guided optimization of ligands by
considering other modulators binding, and also could be used in
combined drugs in drug therapy.
2. Simulation methods

2.1. The simulation systems

For the purpose of investigating the positive binding coopera-
tivity between the partial agonist and AgoPAM, the crystal struc-
tures of GPR40 in a binary complex with MK-8666 and in a
ternary complex with MK-8666 and AP8 were used as start points
(Fig. 1). The crystal structures were obtained from the PDB data-
base (PDB code: 5TZR, 5TZY; resolution: 2.20 Å, 3.22 Å) [27]. The
T4 lysozyme (T4L) fusion protein and solvate molecules of the crys-
tal construct were deleted except water molecules. The mutational
residues were mutated back. The missing residues of ICL2 (Leu112-
Arg119) of the binary complex were built by the protein prepara-
tion wizard of Schrödinger 2015 [42]. The missing residues of
ICL3 (Arg211-His216) were built by referencing the refined struc-
ture of the ternary complex deposited in GPCRdb [43]. The helix
8 (H8) was built by referencing the crystal structure of human
protease-activated receptor-2 (PAR2) (PDB code: 5NDD) [44], the
root mean square deviation (RMSD) is 0.38 Å by aligning the TM7
of GPR40 and PAR2 (the RMSD is 1.82 Å of 158 CA atoms by align-
ing the two structures). Finally, we prepared four systems denoted
as GPR40-apo (MK-8666 was removed from binary complex), bin-
ary complex GPR40-MK6 (abbreviated binary complex of GPR40
and MK-8666), binary complex GPR40-AP8 (MK-8666 was
removed from ternary complex) and ternary complex GPR40-
MK6-AP8.

The membrane around the transmembrane domain (TMD) of
GPR40 was built by 85 Å �85 Å 1-palmitoyl-2-oleoylsn-glycero-3-
phosphocholine (POPC) bilayers using CHARMM-GUI web server
[45–47], the receptor crystal structure pre-aligned in the OPM (Ori-
entations of Proteins in Membranes) database [48]. Each system
was solvated by 10 Å with a truncated rectangular box of TIP3P
waters [49] and neutralized with a concentration of 0.15 M NaCl.

The proteins were modeled using the AMBER FF14SB force field
[50], the ligands were modeled using the generalized AMBER force
field (GAFF) [51], and the LIPID11 force filed [52] was utilized for
POPC. Geometry optimization and the electrostatic potential calcu-
lations on the ligands were performed at the HF/6-31G* level in the
Gaussian09 software [53], and the partial charges were calculated
with the RESP [54]. The force field parameters for the ligands were
created by the Antechamber package.
2.2. The equilibration conformations

The energy minimization and equilibration were conducted by
AMBER16 in order to equilibrate the systems. Firstly, to remove
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bad contacts in the initial structures, the steepest descent and the
conjugate gradient methods were carried out. After energy mini-
mization, each system was gradually heated in NVT ensemble from
0 to 300 K in 300 ps. Subsequently, constant temperature equili-
bration at 300 K for a total of 3 ns was performed to adjust the sol-
vent density in NPT ensemble with periodic boundary conditions;
an integration step of 2 fs was used. The particle mesh Ewald (PME)
algorithm [55] was employed to treat long-range electrostatic
interactions, while the non-bonded interactions were calculated
based on a cutoff of 10 Å. The SHAKE algorithm [56] was applied
to constrain all covalent bonds involving hydrogen atoms.
2.3. Gaussian accelerated molecular dynamics (GaMD) simulations

The GaMD imposes a harmonic boost potential to smoothen the
biomolecule system potential energy surface, which enables
unconstrained enhanced sampling and free energy profiles
obtained from reweighting of the GaMD simulations without the
need to set predefined reaction coordinates. When the system
potential (V) is less than the referenced energy (E), a harmonic
boost potential (DV) is added. In the present study, the GaMD sim-
ulations of all the four systems were performed by Amber16 soft-
ware and a GaMD patch. The final structures from the
abovementioned equilibration procedure were used in the GaMD
simulations. Initially, j0 ¼ 1:0, rD ¼ 6, rV ¼ 6. The GaMD simula-
tions included 10 ns short cMD simulation used to collect potential
statistics (Vmax and Vmin) for calculating the GaMD acceleration
parameters, 50 ns equilibration after adding the boost potential,
and finally 4 ls dual-boost GaMD production produced with ran-
domized initial atomic velocities for each system.
2.4. MM/GBSA binding energy

MM/GBSA was used to estimate the binding free energy of
MK-8666 and AP8 interacting with GPR40. The final structures
produced in GaMD simulations were used as the initial coordinates
to perform cMD simulations. The RMSDs of backbone atoms of
GPR40 are present in Fig. S3) for the 300 ns cMD trajectory. 500
snapshots were sampled evenly spaced from the last 50 ns of the
cMD runs to estimate enthalpic contributions to binding of
MK-8666 and AP8, respectively. Simultaneously, 50 snapshots
were sampled evenly spaced from the last 50 ns of the cMD runs
to estimate enthalpic and entropic contributions to binding of
MK-8666 and AP8, respectively. Because of the almost identical
values of enthalpic contributions calculated with 500 and 50 snap-
shots (Tables S1 and S2), we finally calculated the binding free
energy by sampling 50 snapshots (Table 1). Per-residue energy
decomposition was performed to evaluate the energy contribution
of each residue.
Table 1
The binding free energy of MK-8666 and AP8 interacting with GPR40.

MK-8666

GPR40-MK6 GPR40-MK6-A

DEvdw �56.42 (1.94) �62.11 (3.07)
DEele �14.11 (4.80) �17.99 (4.41)
DEGB 31.60 (4.29) 33.87 (2.46)
DESURF �6.89 (0.24) �7.59 (0.21)
DHbinding �45.82 (2.57) �53.82 (3.33)
TDSbinding �27.57 (4.27) �28.37 (3.92)
DGbinding �18.25 (4.83) �25.45 (4.55)

DEvdw: Van der Waals energy; DEele: electrostatic energy; DEGB: polar solvation energy
entropic contributions; DGbinding: binding free energy.
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3. Results and discussion

3.1. The effect of AgoPAM on partial agonist binding site and the
binding stability of MK-8666

We carried out long-time GaMD simulation on each prepared
system. And we intended to study the mechanism of positive bind-
ing cooperativity between the partial agonist MK-8666 and Ago-
PAM AP8 by analyzing the conformational dynamics of GPR40
and binding free energy of MK-8666 and AP8.

First, we monitored the root mean square deviations (RMSDs) of
backbone atoms of GPR40 with reference to the corresponding
crystal structures (PDBID: 5TZR and 5TZY) during the simulations
(Fig. 2). Fig. 2A indicate that significant conformation changes take
place in the early stage of simulations for each system, and all sys-
tems are convergent in the late simulations. Accordingly, we car-
ried out hierarchical agglomerative clustering to cluster each
trajectory into five clusters using RMSD of protein backbone as a
metric (Fig. S4). And we superposed dominant structures that were
extracted from the center of the first cluster with the largest pop-
ulation for each system (Fig. 2B). In the MK-8666 binding site, the
interhelical space of extracellular ends of TM3 and TM4, as well as
ECL2 make up the pocket entrance. The extracellular ends of TM3
and TM4 deflect toward TM2 in GPR40-apo compared to the other
three systems, especially the TM4 presents significant flexibility in
GPR40-apo (Fig. 2B and S5A). Accordingly, we measured the angle
a formed by TM2 (center of mass of CA atoms of Pro40-Val43)-TM3
(center of mass of CA atoms of Tyr91-Gly94)-TM4 (center of mass
of CA atoms of Val141-Leu144) to characterize deflection of extra-
cellular end of TM4 (Fig. S6A).

Fig. 3A shows that angle a of GPR40-apo is significantly smaller
than other systems during the simulation. The angles a of GPR40-
MK6 and GPR40-AP8 increase in the early stage of simulations, and
after that, steady fluctuate during the simulations. Furthermore,
we extracted representative structures from each cluster of each
system, and superposed the five representative structures respec-
tively. Correspondingly, the extracellular ends of TM4 present var-
ious conformations in GPR40-MK6 and GPR40-apo (Fig. 3C and D).
In comparison, the extracellular ends of TM4 are superposed well
in GPR40-MK6-AP8 and GPR40-AP8 (Fig. 3E and F). The distinct
conformational dynamics of TM4 among these systems indicate
that AP8 binding stabilizes the extracellular end of TM4. The AP8
interacts directly with the intracellular side of TM4. It is more than
likely that AP8 stabilizes the MK-8666 binding by stabilizing the
TM4.

We monitored the RMSDs of MK-8666 by referencing the natu-
ral binding mode of GPR40-MK6 and GPR40-MK6-AP8, respec-
tively. Before that, we centered the trajectory only on the protein
by referencing the corresponding crystal structure for each system.
Fig. 3B shows that the fluctuation of RMSD of MK-8666 in GPR40-
MK6-AP8 is more stable than in GPR40-MK6 after about 0.8 ls
AP8

P8 GPR40-AP8 GPR40-MK6-AP8

�55.68 (3.05) �58.51 (3.24)
�16.12 (3.33) �16.56 (3.36)
25.23 (2.07) 25.79 (1.92)
�7.65 (0.21) �7.99 (0.20)
�54.23 (3.50) �57.27 (3.56)
�27.62 (4.30) �28.41 (3.55)
�26.61 (5.39) �28.86 (5.36)

; DESURF: nonpolar solvation energy; DHbinding: enthalpic contributions; TDSbinding:



Fig. 2. A, The RMSDs of backbone atoms during the simulation. B, The representative structures extracted from clustering analysis (pink, GPR40-MK6; green, GPR40-apo;
blue, GPR40-MK6-AP8; orange, GPR40-AP8). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. A, Angle a evolves with time. B, The RMSD of non-hydrogen atoms of MK-8666. C-F, The representative structures extracted from each cluster by clustering analysis for
GPR40-MK6, GPR40-apo, GPR40-MK6-AP8 and GPR40-AP8, respectively (the green arrow represent direction of movement of TM4). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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during the simulation. As shown in Fig. 3C and E, the binding mode
of partial agonist MK-8666 is more diverse in GPR40-MK6 com-
pared with GPR40-MK6-AP8. In particular, the part of the MK-
8666 extending out of the helix bundle displays more diverse
states. We noticed that hydrogen bonds formed between MK-
8666 and backbone N atoms of Trp150 and Leu158 on ECL2 present
almost throughout the simulations in GPR40-MK6-AP8 (Fig. 4A
and B). The number of frames formed the hydrogen bonds
accounted for 78.20% and 83.28% of the total frames, respectively.
While the number of frames formed the hydrogen bonds
accounted for 0.08% and 14.09% of the total frames respectively
in GPR40-MK6. Therefore, the hydrogen bonds formed between
MK-8666 and Trp150 and Leu158 on ECL2 are more stable in
GPR40-MK6-AP8 compared with in GPR40-MK6 (Fig. 4). Further-
more, the binding free energy and per-residue energy decomposi-
3981
tion analysis were carried out by MM/GBSA. As shown in Fig. 4C,
Trp150 and Leu158 significantly contribute to the total binding
energy in GPR40-MK6-AP8. Moreover, the electrostatic energy
contributions of the two residues are significantly lower in
GPR40-MK6-AP8 than in GPR40-MK6, which are the dominant
component of energy contributions. Accordingly, the binding free
energy of MK-8666 in GPR40-MK6 and GPR40-MK6-AP8 are
�18.25 kcal/mol and �25.45 kcal/mol, respectively (Table 1). That
is, AP8 bound simultaneously can increase the binding affinity of
MK-8666. Hence, MK-8666 bound to GPR40 is more stable in
GPR40-MK6-AP8. These stable hydrogen bonds contribute to stabi-
lizing MK-8666 binding.

These results indicate that AP8 binding stabilizes the extracellu-
lar end of TM4. Therefore, the extracellular end of TM4 in GPR40-
AP8 stays in a similar conformation as in MK-8666 bound GPR40.



Fig. 4. A, The hydrogen bonds formed between backbone N atoms of Trp150 and Leu158 and MK-8666 evolves with time. B, The cartoon diagrams of MK-8666 interacting
with ECL2 (pink: GPR40-MK6; blue: GPR40-MK6-AP8). C, The per-residue energy decomposition of GPR40-MK6 and GPR40-MK6-AP8, a group of same color represents Van
der Waals energy, electrostatic energy and total energy contributions from left to right. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Simultaneously, the stable extracellular end of TM4, as well as
additional stable hydrogen bonds between the ECL2 and MK-
8666 stabilize MK-8666 binding in GPR40-MK6-AP8.

3.2. The interhelical space entrance of MK-8666 binding site

The RMSF plot indicates that fluctuations of residues Phe873.33

and Phe883.34 are significant (Fig. S5). Therefore, we monitored
the side chain dihedrals of the two residues (N-CA-CB-CG of
Phe87, C-CA-CB-CG of Phe88), and obtained the probability mass
Fig. 5. The probability mass function (PMF) of side chain dihedral of Phe87 and Phe88. Th
PMF. A, GPR40-MK6; B, GPR40-apo; C, GPR40-MK6-AP8; D, GPR40-AP8.
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function (PMF) of the two dihedrals. Fig. 5 shows the conforma-
tional spatial distribution of the two residues for each system.
Obviously, the GPR40-MK6, GPR40-AP8 and GPR40-MK6-AP8 pre-
sent almost identical conformational spatial distribution, except
the GPR40-AP8, there is a minor energy basin (Fig. 5A, C and D).
While GPR40-apo possesses a broad conformational spatial distri-
bution in the two dimensions (Fig. 5B). We extracted the represen-
tative structures in the corresponding energy basins, the dominant
conformational states of Phe873.33 and Phe883.34 in GPR40-MK6,
GPR40-AP8 and GPR40-MK6-AP8 are similar (Fig. 5A, C and D).
e representative structures extracted from energy basins are shown in right panel of
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The Phe873.33 stretches toward the inside of the helix bundle,
Phe883.34 stretches down (toward the intracellular side). However,
the conformational states of Phe873.33 and Phe883.34 in the GPR40-
apo are various (Fig. 5B). The side chain of Phe873.33 deflects
toward TM4, the side chain of Phe883.34 turns upward (toward
the extracellular side) in dominant conformation. And in GPR40-
apo, since the extracellular end of TM4 shifts toward TM3, the
hydrophobic residues Phe873.33, Phe883.34 and Phe1424.61 are close
to each other. That makes the interhelical space between TM3 and
TM4, the entrance of MK-8666, to be occluded (Fig. 5B and S7A). In
GPR40-AP8, the pocket entrance in dominant conformation main-
tains the MK-8666 accessible state (Fig. 5D and S7B). Therefore, the
binding of AP8 maintains interhelical space between TM3 and TM4
in a conformational state, where can bind MK-8666.

3.3. The conformational dynamics of MK-8666 binding pocket inside

We superposed and compared the dominant structures
extracted from the center of the first cluster with the largest popu-
lation for each system. At the bottom of the MK-8666 binding
pocket in GPR40-apo, the extracellular end of TM6 shifts toward
helix bundle, occupies the carboxylate binding subsite (Fig. 6A),
and Tyr2406.51 deflects toward TM2-TM3. In comparison,
Tyr2406.51 of GPR40-AP8 points toward the MK-8666 binding site,
similar to the GPR40-MK6 and GPR40-MK6-AP8. In GPR40-AP8,
extracellular end of TM6 slightly shifts toward helix bundle com-
pared with GPR40-MK6 and GPR40-MK6-AP8, while that does not
occupy carboxylate binding subsite compared with GPR40-apo.
We measured the angle b formed by TM6 (centers of mass of CA
atoms of Ser243-Ala246 and Cys236-Pro239) and TM3 (center of
mass of CA atoms of Tyr91-Gly94) to characterize conformational
dynamics of extracellular end of TM6 during the simulations
(Fig. S6B). As shown in Fig. 6B, the angel b of GPR40-apo decreases
at about 0.7 ls of simulation, and is significantly smaller than other
systems. The dihedral of the side chain of Tyr2406.51 (C-CA-CB-CG)
in GPR40-apo increases significantly at about 2.8 ls and fluctuates
stably in subsequent simulations (Fig. 6C). In comparison, the angle
b in GPR40-AP8 is almost identical as in GPR40-MK6 and GPR40-
MK6-AP8 throughout the simulations (Fig. 6C).

These results indicate that the presence of AgoPAM AP8 can sta-
bilize the binding of MK-8666 in GPR40-MK6-AP8. Moreover, in
GPR40-AP8, the presence of AP8 maintains the binding site of
MK-8666 in a conformational state similar to that in GPR40-
MK6-AP8 and GPR40-MK6. And we concluded from these results
that the conformational difference between the GPR40-apo and
Fig. 6. A, The inside of MK-8666 binding pocket of representative structures extracted fro
Tyr240 evolves with time (GPR40-MK6: pink; GPR40-apo: green; GPR40-MK6-AP8: blu
legend, the reader is referred to the web version of this article.)
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GPR40-AP8 reveals an induced-fit conformational coupling
between the AgoPAM AP8 and partial agonist binding site.

3.4. Effect of partial agonist on AgoPAM binding site

The AP8 binding pocket is a lipid-facing pocket formed by TM3,
TM4, TM5 and ICL2 [27]. We compared the surface schematic dia-
grams of the pockets of dominant structures extracted from the
center of the first cluster with the largest population (Fig. 7). In
GPR40-MK6, the pocket maintains a similar topological structure
as in AP8 bound GPR40 (Fig. 7A, C and D). But, in GPR40-apo, the
top and bottom of the pocket are occupied (Fig. 7B). Furthermore,
we redocked the AP8 to dominant structures for each system, as
well as to the crystal structures by glide [57] of Schrödinger
2015. Furthermore, we calculated RMSDs of redocked poses of
AP8 by referencing the natural binding pose of AP8 in the crystal
structure. Fig. 8A displays the RMSDs of the best redocked binding
poses of AP8 for each system. It can be seen that AP8 can be
redocked into the pocket in binary complex GPR40-MK6
(RMSD = 1.51 Å), and superimposes well with the natural binding
pose (Fig. 8B). While, AP8 can not be redocked into the pocket in
binary crystal complex 5TZR (RMSD = 2.47 Å), the trifluo-
romethoxyphenyl and 2-methylpropanoic acid moieties of AP8
were excluded from the pocket (Fig. 8B).

Accordingly, we compared the detailed conformation changes
of representative structures (Fig. 9). Fig. 9A shows that the TM4
shifts upward and twists, and the TM5 shifts downward and twists
in GPR40-apo compared to other systems, which brings the
Ile1304.49, Leu1895.45 and Leu1905.46 to occupy the subsite of triflu-
oromethoxyphenyl moiety of AP8. At the bottom of the pocket,
mainly due to the shifts of the intracellular tips of TM2 and TM4,
which results in the subsite of 2-methylpropanoic acid to be occu-
pied (Fig. 9A and B). The conformations of intracellular ends of
TM2, TM3, TM4 and TM5 are similar in GPR40-MK6, GPR40-AP8
and GPR40-MK6-AP8. The results of redocking and conformational
comparison indicate that the dominant conformation of GPR40-
MK6 is more similar with GPR40-AP8 and GPR40-MK6-AP8.

In addition, we noted that the conformations of ICL2 are differ-
ent between GPR40-MK6 and GPR40-apo in their dominant confor-
mations (Fig. 9B). In GPR40-apo, ICL2 forms partial a-helical
conformation (Fig. 9B and D); the Tyr114ICL2 points toward TM2,
forming a hydrogen bond with Asn412.39 (Fig. 9B and S8B). Accord-
ingly, the intracellular end of TM2 shifts toward TM4-TM5. How-
ever, the ICL2 in GPR40-MK6 is disordered (Fig. 9B and C), and
the Tyr114ICL2 turns toward the outside of the helix bundle
m clustering analysis. B, The angle b evolves with time. C, The side chain dihedral of
e; GPR40-AP8: orange). (For interpretation of the references to color in this figure



Fig. 7. The surface schematic diagrams of AP8 binding pocket (red is O atom, blue is N atom, gray is F atom, and the corresponding color described above is C atom). A, GPR40-
MK6; B, GPR40-apo; C, GPR40-MK6-AP8; D, GPR40-AP8. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 8. A. The RMSDs of the best redocked binding poses of AP8 by referencing natural binding mode for each system (yellow: 5TZR; purple: 5TZY; pink: GPR40-MK6; green:
GPR40-apo; blue: GPR40-MK6-AP8; orange: GPR40-AP8). B. The redocked binding mode of AP8 in 5TZR and GPR40-MK6 by superimposing with 5TZY. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

X. An, Q. Bai, Z. Bing et al. Computational and Structural Biotechnology Journal 19 (2021) 3978–3989

3984



Fig. 9. A, The cartoon schematic diagrams of AP8 binding pocket. B, The conformational states of ICL2 (pink: GPR40-MK6; green: GPR40-apo; blue: GPR40-MK6-AP8; orange:
GPR40-AP8). C-F, The monitored secondary structures of ICL2 in GPR40-MK6, GPR40-apo, GPR40-MK6-AP8 and GPR40-AP8, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 9B). In AP8 bound GPR40, ICL2 adopts a short a-helical confor-
mation (Fig. 9B, E and F), Tyr114ICL2 forms a hydrogen bond with
the carboxylate of AP8 (Fig. 9B and S8A). Lu et al. revealed that
AP8 binds or unbinds through the ICL2 [27]. And when AP8 enters
the binding pocket, ICL2 transforms helical conformation from dis-
ordered conformation, and along with Tyr114ICL2 turns toward AP8
binding site from outward 27. Therefore, the conformational
dynamics of Tyr114ICL2 and ICL2 are crucial for AP8 to entering
the pocket. Compared with the partial a-helical conformation of
GPR40-apo, the AP8 easily accesses the AgoPAM binding pocket
in GPR40-MK6, due to ICL2 being disordered and Tyr114ICL2 points
outward. The partial a-helical conformation of ICL2 in GPR40-apo
closes the lower edge of the site.

3.5. The conformational dynamics of TM4 and TM5 in GPR40-MK6

The conformational differences of TM4 and TM5 that present in
GPR40-apo and other systems have been presented in comparison
of crystal structures of binary complex and ternary complex [27].
However, the dominant conformation of GPR40-MK6 is more sim-
ilar to GPR40-AP8 and GPR40-MK6-AP8. Therefore, we compared
the representative structures extracted from each cluster by clus-
tering analysis of GPR40-MK6 (Figs. 10, S4 and S9). As shown in
Fig. 10A, the TM4 shifts downward (toward the intracellular side),
and the TM5 shifts upward (toward the extracellular side). The
extracellular end of TM4 shifts toward TM5, and the intracellular
half shifts toward the opposite direction. In the late simulation,
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the TM4 is stabilized in the conformational state that is similar
to GPR40-AP8 and GPR40-MK6-AP8 (Fig. 2C and 9A). The signifi-
cant conformational rearrangement of TM5 and TM4 are associated
with remodeling of MK-8666 binding (Fig. 10B). The part that
stucked out of the pocket of MK-8666 exhibits various conforma-
tional states. On the inside of the pocket, MK-8666 moves deeper
into the bottom of the pocket. At the same time, the part sited
inside of the pocket slightly moves away from TM4-TM5
(Fig. 10B). As a result, the movement of MK-8666 induces the
Leu1865.42 to shift upward and closer to the partial agonist binding
site (Fig. 10B). And consequently, that brings the TM5 to shift
upward. While, in the crystal structure of binary complex, the
Leu1865.42 is closer to the AgoPAM binding site (Fig. S10).

That is, the change of binding model of MK-8666 induces con-
formational rearrangement of TM4 and TM5. The downward
movement and torsion of TM4 results in the Leu1334.52 at the
top of AP8 binding site deflecting outward, leaving the top of the
AP8 binding site (Fig. 10B and C). The Ile1304.49 deflects downward
and inward (inside of the helix bundle), leaving the AP8 binding
site (Fig. 10C). The Tyr1224.41 on the intracellular end of TM4
deflects downward, leaving the bottom of AP8 binding site
(Fig. 10D). The upward movement of TM5 results in the
Leu1895.45 and Leu1905.46 moving upward, leaving the top of AP8
binding site (Fig. 10E).

These results reveal that the movements and rotations of TM4
and TM5 make the AgoPAM binding pocket more suitable for
accommodating AP8. And the rearrangement of TM5 induced by



Fig. 10. The conformational dynamics of TM4 and TM5 in GPR40-MK6. A, The movements and torsions of TM4 and TM5. B-E, The conformational rearrangement of residues
in AP8 binding site.
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MK-8666 indicates that the Leu1865.42 plays a crucial role in coor-
dinated coupling between the partial agonist and AgoPAM binding
sites. The mutagenesis study for Leu1865.42 has highlighted that
the residue is essential for receptor activation [58], our results
are in line with that. And furthermore, these results also reveal
the induced-fit conformational coupling between the partial ago-
nist MK-8666 and AgoPAM binding site.

Additionally, the binding free energy of AP8 in GPR40-MK6-AP8
(-28.86 kcal/mol) is slightly lower than in GPR40-AP8
(-26.61 kcal/mol). Similarly, MK-8666 bound simultaneously can
increase the binding affinity of AP8. The hydrophobic residues
Gly95, Ala98 and Ala99 on TM3 significantly contribute to the total
binding energy in GPR40-MK6-AP8 (Fig. S11). In consequence, the
TM3 is important for the positive binding cooperativity between
the partial agonist MK-8666 and AgoPAM AP8.
Fig. 11. The conformational differences of TM3, TM4, TM5 and TM6 among the
GPR40-MK6 (pink), GPR40-apo (green), GPR40-MK6-AP8 (blue) and GPR40-AP8
(orange). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
3.6. The cooperativity between partial agonist and AgoPAM binding
sites by TM3, TM4 and TM5

The above analysis results reveal that the movement and tor-
sion of TM3, TM4 and TM5 are critical components for cooperativ-
ity between partial agonist MK-8666 and AgoPAM AP8 binding
sites. Srivastava et al. suggested that there is missing the frequently
conserved proline at position 4.60 of TM4 in hGPR40, and near the
equivalent position there is a glycine residue, Gly1394.58. This may
impart some degree of flexibility to the extracellular end of TM4,
especially in the absence of partial agonist [26]. Consistently, our
results reveal that in GPR40-apo, the extracellular end of TM4 is
more flexible and shifts toward TM3 in GPR40-apo (Fig. 3A, D
and 11A). However, AP8 binding can significantly stabilize TM4
(Fig. 3A, F and 11A).

In addition, transmembrane prolines have already been
established that they play significant functional roles in GPCRs
[59–64]. The prolines on TM5 (Pro5.50) and TM6 (Pro6.50) are highly
conserved residues of their respective helix among class A GPCRs
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[65]. In addition, there is proline Pro893.35 near the Phe873.33 and
Phe883.34 on TM3. Because of the lack of backbone hydrogen bond
donors, proline causes a kink in helix (proline-kink) [66]. The
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proline-kink introduces flexibility into TM3, TM5 and TM6, and
allows the TM3, TM5 and TM6 to twist and bend. As shown in
Fig. 11B, in GPR40-apo compared to other systems, the extracellu-
lar end of TM3 shifts toward TM2, the intracellular end of TM3
shifts toward TM5, the middle part (Phe87-Gly95) of TM3 presents
a bulge. The bulge is associated with deflections of side chains of
Phe873.33 and Phe883.34 (Fig. 5). The extracellular end of TM5 shifts
toward TM4, and the intracellular end of TM5 shifts toward TM6 in
GPR40-apo compared with other systems (Fig. 11A). In compar-
ison, the conformations of TM3, TM4, TM5 and TM6 are almost
similar in GPR40-MK6, GPR40-AP8 and GPR40-MK6-AP8. There-
fore, either partial agonist MK-8666 binding or AgoPAM AP8 bind-
ing or combination of them can stabilize these transmembrane
helices in a similar conformational state.

The inherent structural characteristics of these transmembrane
helices give themselves flexibility, and the movements and rota-
tions of these helices couple the two sites. Compared with other
systems, the movements and rotations of TM3 and TM4 in
GPR40-apo make the side chain of Leu1354.54 deflects outward
helical bundle, the side chain of Leu1384.57 deflects toward TM5,
which make free space for the deflections of side chains of
Phe873.33 and Phe883.34 (Fig. 12). As a result, the entrance of the
partial agonist binding pocket is blocked (Fig. 5B). On the inside
of the pocket of GPR40-apo, the movement of TM3 brings the
Leu903.36 to deflect toward TM6, and the side chain of Tyr2406.51

deflects and stretches into the space of the corresponding
Leu903.36 (Fig. 12). TM5 rotates and moves downward in GPR40-
apo compared with other systems (Fig. 11A). Accordingly, down-
Fig. 12. The critical residues in coordinating the conformational rearrangement of the tw
orange). (For interpretation of the references to color in this figure legend, the reader is
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ward movement of Leu1865.42 makes free space for the side chain
of Leu1384.57 deflecting (Fig. 12).

We carried out the dynamical network analysis and identified
the optimal path between MK-8666 and AP8 binding sites by
selecting the different combinations of residues as the source and
sink nodes (Figs. S12-15). These residues are important for ligands
binding (Fig. 4C and S11). The optimal path comprise different resi-
dues in the pathway among the four systems. Although the optimal
paths are different, each optimal path of ligand-bound GPR40 con-
nects the allosteric communication between the two sites by the
intersection of TM3, TM4 and TM5.

In summary, these results indicate that the intersection of TM3,
TM4 and TM5 is a key in coordinating the two sites. Upon alterna-
tive ligand binding, the bound ligand induces residues of the corre-
sponding site to rearrange. And then, that leads to movements and
rotations of TM3, TM4, TM5 and TM6. Accordingly, the conforma-
tional states of residues in other sites rearrange. Furthermore, the
Leu1384.57, Leu1865.42 and Leu1905.46 coordinate the rearrange-
ment of residues in the two sites (Figs. 11 and 12).

4. Conclusions

In the present work, we revealed the bidirectional induced-fit
conformational coupling between the two sites at atomic level.
Moreover, we have clarified the mechanism of positive cooperativ-
ity between the partial agonist and AgoPAM binding sites. The Ago-
PAM AP8 bound stabilizes the MK-8666 interacting with GPR40
and increases the binding affinity of MK-8666 (Figs. 3 and 4,
o sites (GPR40-MK6: pink; GPR40-apo: green; GPR40-MK6-AP8: blue; GPR40-AP8:
referred to the web version of this article.)
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Table 1). And additionally, the interhelical space entrance between
TM3 and TM4 is maintained in a conformational state where MK-
8666 can bind (Fig. 5). Upon MK-8666 binding, the AgoPAM AP8
binding pocket is maintained a similar topological structure of
accommodating AP8 as in AP8 bound GPR40 (Figs. 7 and 8).

Because of the presence of Gly1394.58 on TM4 and prolines on
TM3, TM5 and TM6, which gives inherent flexibility to these
helices. Therefore, alternative ligand binding, the conformational
changes of residues in the corresponding site induce these helices
to movements and rotations. As a result, the perturbed conforma-
tions pass to another site through these helices. And residues
Ile1384.57, Leu1865.42 and Leu1905.46 between the two sites coordi-
nate the conformational rearrangements of residues in the two
sites. The conformational states of TM3, TM4, TM5 and TM6 that
make up the two sites are similar among GPR40-MK6, GPR40-
AP8 and GPR40-MK6-AP8. That is, either of ligands bound, the
other site maintains a conformation state that is similar to ligand
bound. The binding of a ligand at one site causes a conformational
change at another site, which not only helps to understand the
mechanism of cooperativity between the two sites. But also it
has potential application value in structure-based drug discovery
and design. That can be used for the discovery of new binding sites
on protein. This is the starting point of structure-based drug design
for the discovery of new framework compounds. It is also valuable
to optimize the structures of existing agonists of GPR40 to reduce
its side effects based on the conformational changes of the binding
site.
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