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Homomeric dimerization of metabotropic glutamate receptors (mGlus) is essential for 
the modulation of their functions and represents a promising avenue for the develop-
ment of novel therapeutic approaches to address central nervous system diseases. Yet, 
the scarcity of detailed molecular and energetic data on mGlu2 impedes our in-depth 
comprehension of their activation process. Here, we employ computational simulation 
methods to elucidate the activation process and key events associated with the mGlu2, 
including a detailed analysis of its conformational transitions, the binding of agonists, 
Gi protein coupling, and the guanosine diphosphate (GDP) release. Our results demon-
strate that the activation of mGlu2 is a stepwise process and several energy barriers need 
to be overcome. Moreover, we also identify the rate-determining step of the mGlu2’s 
transition from the agonist-bound state to its active state. From the perspective of 
free-energy analysis, we find that the conformational dynamics of mGlu2’s subunit 
follow coupled rather than discrete, independent actions. Asymmetric dimerization is 
critical for receptor activation. Our calculation results are consistent with the observation 
of cross-linking and fluorescent-labeled blot experiments, thus illustrating the reliability 
of our calculations. Besides, we also identify potential key residues in the Gi protein 
binding position on mGlu2, mGlu2 dimer’s TM6–TM6 interface, and Gi α5 helix by 
the change of energy barriers after mutation. The implications of our findings could 
lead to a more comprehensive grasp of class C G protein-coupled receptor activation.

mGlu2 | activation mechanism | agonist binding | free-energy landscapes | mutational effects

G protein-coupled receptors (GPCRs), the largest family of cell surface receptors in eukar-
yotes, are indispensable in numerous physiological activities (1). Their pivotal role in a 
vast array of physiological processes makes them prime targets for pharmaceutical inno-
vation (2, 3). According to their sequence homology, mammalian GPCRs are sorted into 
four classes: class A, B, C, and F. Among all GPCRs, class C GPCRs exhibit a unique 
structure, operate in dimeric forms, and consist of several structural domains. Compared 
with the other family members in GPCRs, class C GPCRs are distinguished by their 
relatively larger extracellular domains (ECD) which contain the binding sites for ligands. 
As representatives of the class C GPCRs, Metabotropic glutamate receptors (mGlus) are 
essential for the regulation of synaptic transmission and neuronal excitability, with dimer-
ization being an obligatory process for their efficacy (4). Further evidence suggests the 
clinical potential of mGlus in treating central nervous system diseases, which has led to 
their recognition as significant pharmacological targets for a variety of neurological and 
psychiatric disorders, ranging from depression to schizophrenia and addiction (5–10). 
Therefore, it is necessary and crucial for us to understand their working mechanisms.

The mGlus are composed of two subunits, each of which encompasses a variety of 
multiple functional domains (Fig. 1). The large ECD has a Venus flytrap domain (VFT), 
which is responsible for the binding sites for intrinsic ligands, along with a cysteine-rich 
domain (CRD), that acts as a bridge between the VFT and the seven-helical transmem-
brane domain (7TM) (11). Previous crystallographic studies on VFT in isolation have 
shown that the binding of agonist induces significant conformational alterations within 
the dimeric structure (12, 13). In the absence of agonists, the mGlus remain in an 
inactive state (S1 in Fig. 1) that involves an open conformation for VFTs and two 
proximal 7TMs form interaction with each other. Once the agonist binds to the VFTs, 
it initiates a notable compaction of the receptor, prompting the VFTs and CRDs into 
proximity with their equivalent components in the other subunits. The closure of VFT 
is imperative for the receptor’s activation. Specifically, the closure of one VFT is adequate 
to initiate signaling, whereas the closure of both VFTs is required achieve full activation 
(14). These conformational changes result in the rearrangement of the 7TMs, resulting 
in the rotation of both 7TMs and the formation of a dimer interface along the TM6 
(11, 12, 15). Furthermore, the coupling of Gi protein is facilitated by the 7TMs through 
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an additional movement, resulting in the formation of an asym-
metric interface between the dimer. The binding site for 
G-proteins is localized to only one of the 7TMs, suggesting an 
asymmetric transmission of signals in mGlus. This marks the 
completion of mGlu2;s transition from its inactive to its active 
state (S3 in Fig. 1). With the aid of cryogenic electron micros-
copy (cryo-EM) and X-ray diffraction (XRD) techniques, the 
structural profiles of the mGlus in different states have been 
obtained (11, 13, 16–18). Moreover, advancements in fluores-
cence resonance energy transfer (FRET) have provided a clearer 
picture of mGlus’ conformational dynamics, indicating that 
these receptors are highly dynamic proteins that sample multiple 
conformation states (19–22). However, molecular and energetic 
details of the mGlus activation are still unknown. These con-
straints impede a comprehensive comprehension of the signal 
transduction and regulatory processes of mGlus and also pose 
challenges to the advancement of future therapeutic agents spe-
cifically aimed at the homodimer mGlus.

The rapid evolution of cryo-EM and XRD techniques has 
brought about the successful structural characterization of 
full-length mGlus (18, 23–27). This has made it possible to explore 
the molecular details of the working mechanism of mGlu2 by com-
putational modeling. However, obtaining reliable free-energy land-
scapes from all-atom simulations still remains challenging due to 
the large scale of the membrane protein and the sophisticated nature 
of its conformational movements. Typically, the coarse-grained 
(CG) models are employed to describe these large biological sys-
tems. The CG model we utilized in our research was the outcome 
of the collaborative efforts of Warshel and his coworkers (28–32). 
It has proven to be a well-behaved and powerful tool for large 
biophysical systems. This CG model is designed to characterize 
protein stabilities and conformational energies, which also enhances 
the model’s electrostatic properties (31), and has been refined spe-
cially for the analysis of membrane protein (32). Furthermore, the 
CG model has been extensively employed to investigate the molec-
ular mechanism of biological functions in a broad array of complex 
systems, like ATPase (33–35), GPCRs (36–38), Hv1 channel (39), 
and SARS-Cov2 spike protein (40–43). Its extensive application 
has affirmed it as a reliable tool to depict the energy landscapes 
during the conformational transitions of proteins. We will apply it 
to investigate the activation of mGlu2.

In this study, we used computational tools to simulate the acti-
vation process of the mGlu2. First, we built the models of the 
endpoint structures and simulated the transition process to obtain 
the intermediate structures using the targeted molecular dynamics 
(TMD) method. Then, we obtained a comprehensive view of the 
free-energy landscape for mGlu2’s activation, along with a clear 
depiction of the energy barriers. Our CG models of the mGlu2 
effectively emulated the free-energy profiles for the binding of 
agonists to the mGlu2 and also predicted a possible minimum 
energy pathway for the binding of agonists to the VFTs in mGlu2. 
Furthermore, we investigated the mechanisms of Gi protein bind-
ing and the GDP release event. We obtained the free-energy land-
scapes, determined the minimum energy pathway and energy 
barrier for Gi protein binding to the receptor, and also identified 
a low-barrier pathway for GDP release. Ultimately, we deciphered 
the energetic basis for the experimental mutational effects and 
predicted new potential mutational sites that affect the activation 
process and the stability of the mGlu2–Gi complex. Overall, our 
work systematically describes the activation process of mGlu2, 
explains its activation mechanism from a free-energy perspective 
and provides additional dynamic and kinetic information. 
Furthermore, our results and conclusions may open a new avenue 
to inspire and aid the design and development of drugs targeting 
mGlu2.

Results

Mechanisms of the Conversion between the Inactive and the 
Agonist-Bound State. Previous studies (15) have suggested that 
mGlus undergo significant conformational changes when they 
transition from the inactive (S1) state to the agonist-bound (S2) 
state. However, the structural changes and energy basis of the 
conversion between these two states remain unknown. Here, we 
first constructed the conformational changes of mGlu2 from an 
inactive state (PDB ID: 7EPA) to an agonist-bound (PDB ID: 7EPB) 
state (23) using TMD method without incorporating any effects of 
ligands. Subsequently, we calculated the CG free energy for each 
conformation, which allowed us to trace the conformational change 
trajectory. We then picked 17 conformations at equal intervals for 
each subunit of mGlu2, which included 15 intermediates and 2 
endpoints. By integrating the conformations of the two constituent 

Fig. 1.   Different conformational states of mGlu2. Models of the inactive state (S1, PDB ID:7EPA), agonist-bound state (S2, PDB ID:7EPB), and active state (S3, PDB 
ID:7E9G) are shown. The L and R subunits of mGlu2 are shown in pink and green cartoon representations, respectively. The agonist is shown in the space-filling 
model. The Gi protein is represented by three different colors corresponding to the three subunits of the Gi protein: light orange for the alpha subunit, blue for 
the beta subunit, and purple for the gamma subunit.
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subunits, we developed a two-dimensional conformational map of 
the conformational changes of the L and R subunit of mGlu2. Then, 
we calculated the conformational free energy at every point on this 
map using CG models (computational details are mentioned in 
SI Appendix, section S1). The CG free-energy landscape representing 
the transition from state S1 to S2 is depicted in Fig. 2A, where the 
black dashed line represents the possible minimal energy path.

There are three major barriers in this path. By analyzing differ-
ent terms of free energy, we found that hydrophobic energy con-
tributes the most to these three major barriers. (SI Appendix, 
Table S1). In the S1 state, the VFT domains display an open 
conformation, distant CRDs, and an asymmetric 7TM dimer 
with a TM3-TM4 interface (S1 in Fig. 2C). Note that the I1 state 
is more stable compared to the experimental structure (S1 state) 
on the energy curve (Fig. 2B). This could be a result of the exper-
imental structure that is stabilized by its selective negative allosteric 
modulator, a factor not included in our modeled structure. 
Researchers always use its selective negative allosteric modulator 
to stabilize the inactive state of mGlu2 (18, 23, 27). The energy 
barrier between I1 and T1 state is 13.07 kcal/mol, which may 
contribute to the spatial hindrance of hydrophobic interaction 
between the TM4–TM4 interface (I1 and T1 in Fig. 2C and 

SI Appendix, Fig. S2A). Our calculation data, along with findings 
from existing studies (23) on mGlu2 confirm that the dimerization 
mediated by TM4 contributes to the stabilization of the receptor’s 
inactive conformation. The highest barrier (32.70 kcal/mol) occurs 
between the I2 to T2. The dimer of 7TMs changes from an asym-
metric interface involving TM4, TM5, and TM6 to a TM5–TM6 
interface (I2 and T2 in Fig. 2C). These results suggest that the 
highest barrier is contributed to the lock of the dimer interface 
involving TM4, TM5, and TM6 interface (SI Appendix, Fig. S2B) 
which impairs receptor activation (44). Another barrier, 12.14 
kcal/mol, occurs between the I3 to the S2 state. The 7TM dimer 
interface changes from TM5–TM6 to TM6–TM6 (I3 and S2 in 
Fig. 2C). Overall, our results demonstrate that the activation of 
mGlu2 proceeds in a stepwise manner, and several energetic bar-
riers need to be overcome to achieve the conversion from the S1 
to the S2 state.

Exploring the Binding Path of Agonists to the VFTs in mGlu2. 
Once the agonist binds to the VFTs, the mGlu2 dimer undergoes 
significant conformational change. This interaction prompts the 
VFTs and CRDs to come into proximity with their counterparts in 
the other subunit, which in turn results in a rotation of both 7TMs 

Fig. 2.   The energetic/structural coupling of the conformational changes for the conversion between inactive (S1) and agonist-bound (S2) state. (A) The landscape 
of free energy associated with the conformational changes of each subunit in mGlu2. The black dashed line indicates the possible minimal energy path. The energy 
barrier for the transition from I1 to T1, I2 to T2, and I3 to T3 are 13.07 kcal/mol, 32.70 kcal/mol, and 12.14 kcal/mol, respectively. (B) Free-energy profiles along 
the minimal energy path in panel A. (C) Multiple dimerization structures of the mGlu2 transmembrane domain (the extracellular view) from the S1 to S2 state.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.o

rg
 b

y 
97

.1
89

.1
34

.2
04

 o
n 

M
ay

 1
, 2

02
5 

fr
om

 IP
 a

dd
re

ss
 9

7.
18

9.
13

4.
20

4.

http://www.pnas.org/lookup/doi/10.1073/pnas.2401079121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2401079121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2401079121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2401079121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2401079121#supplementary-materials


4 of 9   https://doi.org/10.1073/pnas.2401079121� pnas.org

and a transition of the dimer interface from the asymmetric TM3–
TM4 to the TM6–TM6. Previous studies (45) have demonstrated 
that there is an intermediate state during mGlu2 activation, 
characterized by one VFT domain in a “closed” conformation 
while the other remains an “open” conformation. In this state, 
the interface of VFTs maintains a relaxed form and the receptor 
is in an inactive state (Fig. 3). Only when both VFTs are bound 
with the agonist, the receptor can maximally activate the mGlu2 
dimer (14). However, how agonists bind to mGlu2 and the effects 
of agonists binding on energy barriers are still unclear.

Based on the conformations in the 2D free-energy landscape 
(Fig. 2A), we docked two agonists to both subunits and constructed 
the possible conformation combinations of the agonist positions 
and the conformations of mGlu2 homodimer (details are men-
tioned in SI Appendix, section S1.1). A total of 195,364 confor-
mations were constructed and each conformation is depicted as 
S(x, y, z, i) where x, y represent the conformational change of the 
L and R subunit of mGlu2 dimer, z, i indicate the agonist position 
for the R and L subunit. The complete free-energy landscape for 
mGlu2 conformations is shown in Fig. 4A, where the agonist’s 
binding free energy has been added to the folding energy for each 
conformation. Next, a Monte Carlo (MC) pathway searching pro-
cedure was performed to identify the minimum-energy pathway 
from S(0, 0, 0, 0) where the mGlu2 is in the S1 state to S(16, 16, 
25, 25) where the receptor is in the S2 state. More details about 
the procedure are available in SI Appendix, section S1.4.

The conformations of mGlu2 sampled along the minimum-energy 
path are marked with black dots in Fig. 4A, which contains a 
103-step flip between S(0, 0, 0, 0) and S(16, 16, 25, 25) (Movie S1). 
The minimum energy pathway and the state of each subunit were 
identified and shown in Fig. 4B. Initially, the agonists are far away 
from the receptor and do not induce significant conformational 

changes of mGlu2. The conformations of mGlu2 change slightly 
and then remain stable. Subsequently, as the agonist gradually 
approaches the binding pocket in the L subunit of the mGlu2 dimer, 
the conformations of the L subunit start to fluctuate. Once the ago-
nist binds to the L subunit, the conformation of the L and R subunit 
both undergo small changes. This is consistent with that the activa-
tion of mGlu2 may involve a conformation where only one subunit’s 
VFT domain is in active state (45). Later, when the second agonist 
binds to the other subunit, the conformations of both subunits 
change significantly. These two subunits cooperate with each other 
under the influence of agonists. Finally, the receptor finishes the 
transition from the S1 to the S2 state. In the minimum energy path-
way, the highest barrier occurs between the I3’ and T3’, 16.88 kcal/
mol. Compared with the above situation without agonists (32.70 
kcal/mol), the energy barrier is significantly reduced. These results 
emphasize the importance of dual agonist binding from an energetic 
point of view. The conformational alternations of these two subunits 
establish a cooperative relationship rather than occurring simultane-
ously. In addition, we also consider other two situations as scenario 
1 and scenario 2 shown in SI Appendix, Fig. S3: only one agonist 
binds to the L and R subunit respectively. Similar results also 
appeared in these two situations: the emergence of agonists caused 
a large decrease in the energy barrier (SI Appendix, Figs. S4 and S5).

Mechanism of Gi Protein Coupling in mGlu2. It has previously 
been proposed that during the activation of mGlu2, the coupling 
of G protein is facilitated by only one subunit of the dimer (46). 
However, the molecular basis for the asymmetric signaling of 
mGlu2 has not yet been elucidated. In this study, we first built 
CG models of mGlu2 to explore the conformational changes 
from the S2 to S3 state. Based on Cryo-EM structures (PDB ID: 
7EPB, 7E9G), we built the structural models to represent these two 

Fig. 3.   Schematic representation of the mGlu2 activation process. Initially, the mGlu2 is inactive, characterized by open VFTs, separated CRDs, and an asymmetric 
7TM dimers interface which is composed of TM3 and TM4. The binding of an agonist to one VFT results in an intermediate state where the 7TMs remain inactive. 
Full activation is achieved when agonist binds to both VFTs, leading to the compaction of the mGlu2 dimer and the VFTs, bringing the VFTs and CRDs proximity 
to their counterparts, and generating a dimer interface along TM6. Finally, the Gi protein couples to the receptor and the 7TMs undergo a further movement.D
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distinct conformations of the mGlu2 homodimer. Using the TMD 
method, we then produced a sequence of intermediate structures 
that bridge the gap between these two states. Following this, we 
constructed the free-energy landscape that corresponds to the series 
of conformations. As shown in Fig. 5A, the transition of mGlu2 
from the S2 to the S3 state is hindered by an energy barrier (38.84 
kcal/mol) in the absence of Gi protein. This is also the highest 
barrier throughout the activation process from the S1 state to the 
S3 state. Although the receptor undergoes minor conformational 
changes between the S2 and S3 states, it is the rate-determining 
step during the entire activation process. This aligns well with the 
previous observation that Liauw et al. made using single-molecule 
FRET (45) who found the same rate-determining step.

Furthermore, to understand the energetic mechanism of Gi cou-
pling with the receptor, we constructed a set of structural models 
depicting the approach of the Gi protein and conformational varia-
tions in mGlu2. Details are mentioned in SI Appendix, section S1.1. 
As shown in Fig. 5B, the X-axis represents the conformational 
changes of mGlu2 while the Y-axis describes the distance between 
the centers of the pulled and initial Gi protein. The black dashed line 
depicts the minimum energy pathway that was identified. In the 
beginning, the conformation of mGlu2 does not change. As the Gi 
protein approaches, the conformation of mGlu2 starts to change. A 
barrier occurs when the conformation of mGlu2 begins to change 
(7.99 kcal/mol between states A’ and A‡ in the presence of Gi protein 
and agonists, SI Appendix, Fig. S6). Obviously, the presence of Gi 
protein promotes the activation of mGlu2, which is consistent with 

the observation of mGlu2 constitutive activity test experiments (18). 
Besides, we found that the Gi protein couples to the mGlu2 twice 
in the minimum energy pathway. When the Gi protein first binds 
to the receptor (point B in Fig. 5B), it then moves away from the 
receptor. This may be due to the spatial hindrance between the 7TM 
of the receptor and the Gi protein, which causes the Gi protein to 
move away temporarily. Subsequently, the conformations of the 
mGlu2 continue to change, such as the 7TM of the mGlu2 opens 
a “cleft” to facilitate the binding of the receptor (18). Finally, the 
receptor converts to the S3 state and couples to the Gi protein (point 
C in Fig. 5B).

Coupling between the Receptor Conformational Change and 
the GDP Release. Through the facilitation of nucleotide release 
from the Gi protein heterotrimer, the mGlu2 receptor enables 
the internalization of extracellular signals within the cell, yet the 
precise workings of this event are not clearly defined. To explore 
where and when the nucleotide is released from the Gi protein, 
we constructed the free-energy profiles for GDP release by 
introducing a GDP molecule and a Mg2+ ion at various distances 
from the nucleotide-binding pocket to the bulk. In addition, we 
generated a specific intermediate structure for each combination 
of system conformation and the nucleotide to map the free-energy 
landscape. We initiated our analysis with extensive MD relaxation, 
followed by PDLD/S-LRA/β binding energy calculations to 
calculate the free energies. More details are shown in SI Appendix, 
sections S1.1 and S1.3. Fig. 5C illustrates the free-energy landscape 

Fig. 4.   The complete free-energy landscape of mGlu2 
during the process of agonist binding. (A) Coupled free-
energy landscape of the distance between the pockets 
in VFT and the agonist and the conformational changes 
of each subunit of mGlu2 from state S1 to S2. Totally 
195,364 (17*17*26*26) conformations of mGlu2 con-
struct the complete free-energy landscape which is dis-
played by 26 cubic boxes. For each cubic box, the X and 
Y axes indicate the conformational changes of L and R 
subunits of the mGlu2 dimer which vary from 0 to 16, 
while the Z axis reflects the distance from the pocket in 
VFT of the R subunits to the agonist, ranging from 0 to 
25. The distance between the agonist and the pocket in 
VFT of the L subunits is a fixed value, which only varies 
in different cubic boxes. The conformations of mGlu2 
sampled along the path are marked with black dots and 
numbered sequentially with numbers in each cubic box. 
Movement between black dots in the adjacent boxes is 
shown as red arrows. (B) The energetic and conforma-
tional changes along the optimal conformational path-
way of agonist binding to VFT in mGlu2 from S1 to S2 
process (gray lines). L and R distances here indicate the 
distance between the ligand and the pocket in VFT of 
the L subunit and R subunit, respectively. The states of 
the L subunit, R subunit, L distance, and R distance of 
the minimum free-energy path are represented by pink, 
green lines, orange, and blue lines, respectively.
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that integrates the conformational changes and the dissociation 
of GDP. The X-axis represents the conformational change of the 
complex, and the Y-axis reflects the GDP/Mg2+ distance from the 
nucleotide-binding site.

As depicted in the free-energy landscape (Fig. 5C), three pos-
sible pathways are represented by black dashed lines. For path 
1 (from point a to b), the release of GDP requires crossing a 
large energy barrier (22.17 kcal/mol) before any conformational 
change happens. This observation is consistent with the exper-
imental finding that receptors first couple with G protein and 
then catalyze nucleotide release by favoring an internal struc-
tural rearrangement of the Ras domain (47). Once an active 
receptor binds to an inactive, GDP-bound G protein, it will 
dramatically accelerate GDP release (48, 49). Similar phenom-
ena also appears in our calculations. As shown in path 2, an 
energy barrier (19.80 kcal/mol) occurs after the releasing path-
way is opened (from point c to d). However, before that hap-
pens, the complex first needs to undergo the conformational 
changes (from point a to c, the highest energy is 17.88 kcal/
mol). According to the energy landscape, path 3 (from point a 
to d) is the most likely pathway for GDP release, with a rela-
tively small energy barrier of 16.88 kcal/mol. The GDP release 
occurs during the transition period from the S2 to S3 state. The 
coupling of the G-protein to mGlu2 induces the opening of 
G-protein to release GDP and initiate signaling.

Taken together, the above findings offer molecular insights into 
the whole activation mechanisms of mGlu2. First, agonist binding 
effectively brings the conformational changes of mGlu2. The confor-
mations of both subunits change in a coupled manner rather than 
separately and independently of each other. Moreover, an intermediate 
state that only one VFT binds the agonist could exist during the 

activation process. The closure of the VFTs results in the close prox-
imity of the CDRs and a change in the dimerization mode of the 
7TMs. This arrangement enables their mutual interaction and pro-
motes the formation of the asymmetric TM6-TM6 dimer interface. 
Finally, the G protein gradually approaches the receptor in a way that 
would enable its nucleotide exchange, thus transmitting intracellular 
signaling. The rate-determining step occurs between the agonist-bound 
state and the active state. Besides, the presence of agonist and 
G-protein induces the conformational changes of mGlu2 and pro-
motes receptor activation.

Predicting Mutational Effects of Key Residues of mGlu2–Gi 
Complex. Unlike GPCRs belonging to families A and B, the α5 
subunit in G protein is stabilized by a pocket formed between TM3, 
intracellular loops 2 and 3 (ICL2 and ICL3), and the C terminus of 
mGlu2 (binding pocket in SI Appendix, Fig. S8), rather than being 
inserted in a cavity at the 7TM bundle. The movement of one 
TM6 in the TM6–TM6 interface enables a conformational change 
in the intracellular region of the receptor to facilitate G protein 
recognition (25). In this work, we tried to investigate whether 
other residues in the Gi protein binding position of mGlu2, 
mGlu2 dimer’s TM6-TM6 interface, and Gi α5 helix (SI Appendix, 
Fig. S8) could affect the coupling of Gi protein and destabilization 
of the complex structure by mutating different residues to alanine. 
Fig. 6 depicts the relative difference in free energy of changing 
the residues at the positions of the α5 subunit, binding pocket, 
and the TM6–TM6 interface. These free energies are calculated 
using the PDLD/S-LRA/β method. More details are described in 
SI Appendix, section S1.3. Taking the coupling of Gi protein and 
the GDP release into account, we calculated the relative change of 
free-energy barrier ( ΔΔG ), in which the free-energy barrier ( ΔG ) 

Fig. 5.   The free-energy landscape of the coupling of the Gi protein and GDP release event. (A) The CG free-energy profiles for the transition from the agonist-
bound (S2) to the active (S3) state. The data are expressed as means ± SD. (B) The free-energy landscape of the conformational changes between S2 and S3 with 
the distance to the G protein. The possible minimal energy path is indicated by the black dashed line. (C) The coupled free-energy landscape of the conformational 
changes between S2 and S3 and the GDP release. Three possible pathways are indicated by black dashed lines.
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is defined in SI Appendix, Fig. S7. This ΔΔG is the difference in 
the free-energy barrier between the mutated mGlu2-Gi complex 
and the wild-type mGlu2-Gi complex. A positive difference in 
the free-energy barrier suggests that the residue (X) plays a role in 
stabilizing the formation of the complex, and the introduction of 
an alanine mutation at that position would be detrimental to the 
complex stability, leading to a higher energy barrier and inhibiting 
the activation of mGlu2 and vice versa.

Previous investigations (18, 25) of the α5 subunit in mediating 
the G protein activation have suggested that residues I344, L348, 
L353, and F354 form a hydrophobic interaction core. ICL3 of 
mGlu2 is interacting with this hydrophobic core, which plays a 
significant role in mediating mGlu2-Gi recognition. The same 
hydrophobic interaction consisting of residues I344, L348, L353, 
and F354 in the Gi protein was also observed in mGlu4–Gi com-
plex (25). Besides, ICL2 establishes a polar interaction network 
with Gα subunit: R665 and R670 on receptor ICL 2 form salt 
bridges with Gα residues D193 and D350 (25). Disruption of 
these interactions destabilizes the mGlu2–Gi complex, and this 
is consistent with our calculations: the ΔΔG values of mutants 
I344A, D350A, C351A, L353A, and F354A are all larger than 3 
kcal/mol, which indicates that these mutations increase the energy 
barrier. For most of the positions in the binding pockets, the 
stability of the complex decreases by alanine mutations (positive 
ΔΔG ). Although some residues display negative values of ΔΔG , 
the magnitude of the stabilizing effect at those locations is quite 
marginal. Moreover, the specific single-point mutations of hydro-
phobic residue I762, F764, M766, I771, W773, F776, L777, 
F780, and V782 on the interface of TM6-TM6 exhibit an unfa-
vorable trend in the activation of Gi protein with a positive ΔΔG 
(Fig. 6B). Before mutations, those residues on the interface of 
TM6–TM6 make extensive hydrophobic contacts with each 
other, which maintain the receptor’s active conformation that is 

critical for the coupling of Gi protein. In other words, the single 
mutation disrupts the hydrophobic interaction between the 
TM6–TM6 interface which contributes to the increase of the 
energy barrier.

Many previous mutagenesis studies have identified some key 
residues for stabilizing the active conformation of mGlu2 and the 
Gi protein recognition. Seven et al. (18) mutated hydrophobic 
residues F756 and F661 in the binding pocket to alanine. Notably, 
mutation of these two residues significantly impaired G-protein 
activation. They also found that the triple-alanine mutation at 
positions 712 to 714 of mGlu2 ECL2 residues (E712A/R713A/
R714A) decreases glutamate-stimulated G-protein activity which 
indicates that this loop is essential in the mediating the structural 
changes that occur between the VFTs and the 7TMs. In addition, 
the mutation C770A in both subunits of mGlu2 can increase G 
protein activation (45) since this mutation breaks the disulfide 
bond between the TM6–TM6 interface. We calculated the ΔΔG  
of these mutations which have been previously confirmed by 
experiments (18, 23, 25, 27, 45) as control (SI Appendix, Fig. S9). 
Encouragingly, our calculations are consistent with the experi-
ments, which verifies the reliability of our method.

Discussion

Herein, we have explored the activation of mGlu2 from several 
aspects. First, we constructed the free-energy profile to illustrate 
the conformational changes and determined the rate-determining 
step of the entire activation process. Second, in order to investigate 
how the agonist binds to the mGlu2, a free-energy landscape 
including 195,364 models of dimer conformations was con-
structed. The CG strategy was applied for the conformational free 
energy while the binding free energy of agonists was calculated by 
the PDLD/s-LRA/β method. Moreover, we could identify the 

Fig. 6.   Evaluation of mutational effects of the residues of (A) the α5 subunit, binding pockets, and (B) TM6-Gbind and TM6-Gfree region. The effects were calculated 
using ΔΔG = ΔG

mutant
− ΔG

WT
 . ΔΔG > 0 indicates the mutation impedes Gi protein activation, and ΔΔG < 0 indicates the mutation facilitates Gi protein activation. 

The data are expressed as means ± SEM. Residues on the Gi protein are shown in pink and residues on mGlu2 are shown in green. TM6-Gbind represents the 
TM6 in the subunit that binds to the Gi protein while TM6-Gfree represents the TM6 in the subunit that does not bind to the Gi protein.D
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most likely minimum-energy pathway of agonist binding by using 
the accelerated MC algorithm. From the minimum-energy pathway, 
we found that the conformations of both subunits change in a coop-
erative manner and several dimerization modes of mGlu2 exist 
during the activation process. These findings suggest asymmetric 
dimerization plays a vital role in controlling receptor activation.

Third, we suggested the molecular basis for the specific coupling 
of the mGlu2 and the Gi protein and the release of GDP. The cou-
pling of the Gi protein promotes the activation of mGlu2, a major 
drop in the energy barrier (from 38.84 kcal/mol in the absence of 
Gi protein to 7.99 kcal/mol in the presence of Gi protein). This result 
is consistent with experimental observation of mGlu2 constitutive 
activity. Our findings provide molecular basis and insights into the 
mechanism of the asymmetric signal transduction of mGlus, the 
binding of Gi protein, as well as the activation process of class C 
GPCRs. Furthermore, we also identified a specific pathway for the 
GDP release, which encounters a modest energy barrier of 16.88 
kcal/mol. This pathway involves a simultaneous conformational 
transition between S2 and S3 states of mGlu2. Finally, mutational 
effects were assessed through the shifts in the energy barriers in this 
specific pathway. Some other key residues were identified by the 
alanine mutations at the Gi protein binding position in mGlu2, 
mGlu2 dimer’s TM6-TM6 interface, and Gi α5 helix.

Our results could provide information and guide the direction 
for future mutagenesis studies (such as double and triple muta-
tions) of mGlus and possibly other class C GPCRs. Overall, our 
work fully explains the conformational changes in mGlu2 as it 
evolves from an inactive state to an active state and has brought 
to light the sophisticated patterns of signal transduction within 
the homodimers of mGlu2. The mGlu2 plays a crucial role in 
numerous neurodevelopment and psychiatric disorders. However, 
no drugs targeting this receptor family have been approved for 
market due to the limited studies of its activation mechanism. The 
current work enhances the understanding of class C GPCRs and 
paves the way for further in-depth investigation into the energetics 
of mGlu2’s signal transduction process. In addition, the identifi-
cation of several unique dimerization interfaces opens up the 
potential for targeting new allosteric binding pockets that favor 
different states. These insights may serve to hasten the process of 
drug development targeting the mGlu2 receptor.

Materials and Methods

Model Preparation. In this study, three major states were generated through 
homology modeling with the aid of Modeller (50, 51). The relevant PDB struc-
tures are 7EPA (inactive state), 7EPB (agonist-bound state), and 7E9G (active 
state) (23, 25). Then, TMD was employed to construct a range of intermediate 
structures that connect these end states (52). The detailed modeling protocol is 
described in SI Appendix, sections S1.1 and S1.2. For these structures, we incor-
porated membrane particles and utilized the implicit solvent models. Moreover, 
in order to eliminate steric clashes, we conducted an additional relaxation sim-
ulation for each newly generated structure before calculating the CG energies. 
The PDLD/s-LRA/β method (53–56) was employed to evaluate the binding and 
solvation energy. Details are mentioned in SI Appendix, section S1.3.

Calculation of the CG Free Energy. Our CG model and force field have been 
continuously developed, with a focus on the solvation model of ionizable resi-
dues, emphasizing the pivotal role of protein electrostatic effects. The total energy 
construct of our CG model is encapsulated by the following equation:

	 [1]

The terms in Eq. 1 represent the side chain van der Waals energy, main chain 
solvation energy, main chain hydrogen bond energy, side chain electrostatic 
energy, side chain polar energy, side chain hydrophobic energy, main chain/
side chain electrostatic energy, and main chain/side chain van der Waals energy, 
respectively. The constants c1  , c2  , and c3  are scaling coefficients and they have 
values of 0.10, 0.25, and 0.15, respectively, in this work (31, 38).

For the purpose of evaluating the CG energy, we initially converted the all-
atom structures into CG models, simplifying the side chains of the residues into 
a single united atom. Subsequently, we carried out an additional relaxation 
simulation and employed MC Proton Transfer (MCPT) algorithm to determine 
the charges for the ionizable groups within the protein (32). MCPT was applied 
to model the proton transfers between the ionizable residues, continuing the 
simulation until the electrostatic free energy of the protein in its folded state 
achieved converged. Moreover, the proton acceptance probability was evaluated 
by the standard Metropolis criterion. Before the determination of the CG ener-
gies, extensive molecular dynamics simulations were conducted to relax each 
structure. The folding free energies were then calculated using the last fifteen 
conformations of the relaxation trajectory. The mean values of the last fifteen 
conformational energies were taken for further analysis. Additionally, the SDs 
of these fifteen free energies were used to represent the error bars. The free 
energy of each model was calculated based on the obtained charge distribution. 
The Molaris-XG package (28, 53) was employed to carry out all calculations.

Pathway Search of Agonist Binding to mGlu2 Based on the Free-Energy 
Landscape. To study how the agonist binds to the mGlu2, a total of 195,364 mGlu2  
conformations were constructed and the free-energy landscapes are shown 
in Fig. 4. Here, we executed MC sampling (57) on the free-energy landscape 
according to the Metropolis criteria. The acceptance condition of a possible 
MC move is

	
[2]

However, some conformational barriers are too high to obtain convergent sam-
pling in a reasonable simulation time. Thus, we accelerated the sampling by using 
accelerated molecular dynamics simulation method (58–60). See SI Appendix, 
section S1.4 for details.

Data, Materials, and Software Availability. The input files of simulations 
are publicly available at https://github.com/Xiaohong2991/mGlu2-iunput-files/
tree/main (61). All other data are included in the manuscript and/or SI Appendix.
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