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Glucagon-like peptide-1 receptor (GLP-1R), as a member of the class B G protein-coupled receptors (GPCRs), plays a
crucial role in regulating blood glucose level signal recognition through its activation. The conformation changes during
the activation pathway are of particular importance for its function. To investigate the activation mechanism of GLP-1R,
the crystal structures of active and inactive forms are chosen to perform a total of 2 ms of accelerated molecular dynamics

(aMD) simulations and 400 ns of conventional molecular dynamics (cMD) simulations.With the aid of structural analysis
and potential of mean force (PMF) calculations, we reveal the role of different helices in the activation and deactivation
process and obtain the intermediate states during activation and deactivation that are difficult to capture in experiments.

Protein structure network (PSN) was utilised to clarify the allosteric communication pathways of activation and
deactivation and reveal the mechanisms of its activation and deactivation. The results could advance our understanding
of the activation mechanism of GLP-1R and the related drug design.
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Introduction

G protein-coupled receptors (GPCRs), as the largest class of

membrane proteins, are crucial for cell signalling in the human
genome.[1] Glucagon-like peptide-1 (GLP-1) is an important
hormone that regulates insulin secretion, carbohydrate metab-

olism, and appetite, and it exerts physiological regulation by
binding to the glucagon receptor (GLP-1R).[2] GLP-1R belongs
to B class GPCRs, as a validated drug target for the treatment of

type 2 diabetes and obesity.[3] It can transmit signals from
extracellular molecules to G proteins, and then increases pan-
creatic b cell expression, biosynthesis, and insulin secretion.[4]

It is reported that peripheral administration of GLP-1 receptor

agonists attenuates drug-associated behavioural responses
including cocaine-induced conditioned place preference (CPP)
and the locomotor-activating effects of cocaine.[5–7] Therefore,

there is a requirement for a detailed understanding of how
agonists bind to cause inhibition of cocaine seeking and the
analysis of the activation mechanism of GLP-1R.

Recently the first three-dimensional structures of GLP-1R
were resolved, e.g. an X-ray crystal structure of GLP-1R in its
inactive state bound to different allosteric modulators at 2.7 Å

resolution,[8] an X-ray crystal structure of GLP-1R in its active
state bound to a truncated peptide agonist at 3.7 Å resolution,[3]

and the fully active cryogenic electron microscopy (cryo-EM)

structure of GLP-1R coupled with a Gs protein at 4.1 Å resolu-
tion.[9] This is helpful for scientists to reveal how GLP-1R

interacts with ligands and participates in the cellular signal
transduction pathways by computational techniques, especially
molecular dynamics simulation, which has increased our under-

standing significantly as it allows us to model functions that
cannot currently be experimentally resolved.[10] In 2018, Carla
et al.[11] analysed the interaction between GLP-1R and a ligand

by 430 ns molecular dynamics simulation, revealing the impor-
tant role of TM6 in the activation process. Although this work
studied some of the activation characteristics of GLP-1R, due to
the limitations of the simulation method, it was difficult to

obtain sufficient spatial sampling and the intermediate state of
the activation process of GLP-1R. It was known that GPCR
activation induces changes of intracellular and extracellular

domains and rearrangement of the transmembrane helix. Zhang
et al.[12] revealed the conformational transition mechanism of
the extracellular domain (ECD) during GLP-1R activation

induced by agonist through molecular dynamics simulation
and Markov model. However, the rearrangement of transmem-
brane helices which is the prominent feature of activation

relative to an inactive or active structure, particularly conforma-
tional changes of the intercellular parts of helices, has not been
revealed.
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To our knowledge, the computational research on GLP-1R

rarely involves its deactivation mechanism and its activation
process generally occurs on the millisecond time scale of
simulation. In order to break through the time limitation and
get more GLP-1R conformational change related to biological

functions, accelerated dynamics simulation (aMD) was applied
to increase the conformation sampling and achieve a better
effect on a longer time scale.[13–15] Thismethod is different from

the general enhanced sampling method and does not require
preset reaction coordinates. It reduces the energy barrier of
transition between different state conformations by adding a

non-negative potential energy, and then the frequency of the
conformational transformation increases, thereby sampling
more conformation in a limited time. It has been successfully

applied to multiple GPCR systems like CCR5 and M2
receptor.[16,17]

Studies have shown that inactive GPCRs in the apo state can
undergo some degree of self-activation, while GPCRs that are

fully activated will be deactivated when removing agonists and
G proteins.[18,19] Based on the obtained completely inactive and
the active structure of GLP-1R,[3,8,9] 1 ms aMD simulation was

performed for the GLP-1R/inactive state and GLP-1R/active
state systems, respectively. Potential of mean force (PMF)
calculation was utilised to capture the intermediate states

(which are relatively stable in energy during activation or
inactivation process) and observe the activation of GLP-1R
from the inactive crystal structure and the stable states in the

process of conformation changes. Meanwhile, the correlations
analysis and protein structure network further reveal the alloste-
ric pathways and mechanisms of the activation and deactivation
processes. These observations could provide more structure

information at the atomic level for better understanding of the
activation and deactivation mechanisms and are beneficial to
drug design targeting GLP-1R.

Results and Discussion

Activation of GLP-1R from the Inactive Crystal Structure
(PDBID: 5vew)

In order to observe the activation mechanism of GLP-1R from
the inactive crystal structure, the stable states in the process of

conformation changes were captured in free energy landscape

by PMF calculation. As is known, the most significant rear-

rangement of helices during GPCR activation is the outward
movement of the intercellular part in TM6.[20,21] Therefore, the
outwardmovement of TM6was characterised bymonitoring the
centre of mass distance of 10 residues in the intracellular end of

the TM2 and TM6.[6,22] The highly conserved HETx motif in
class B GPCR plays the same functional role as the E/DRY
conserved motif of class A GPCR,[23] whose interactions have

also been shown to stabilise the inactive state.[21] Accordingly,
mutation of HETx motif residues results in activation of many
family BGPCRs.[24–25] The important polar interaction between

H1802.50 and E2473.50 only exists in the inactive structure of
GLP-1R, but it disappears in the active crystal structure,[8] so the
distance between H1802.50 and E2473.50 was also chosen to

identify the activation of GLP-1R. Therefore, the distance
between the intracellular end of TM2 and TM6 as well as the
distance between H1802.50 and E2473.50 were selected as the
reaction coordinates to calculate the PMF profiles for the two

systems.
At the beginning, a file contained the two reaction coordi-

nates were built, so that the information of energy and reaction

coordinates were obtained and the corresponding frame was
found after PMF calculation. According to the PMF calculation
results, we selected the point with the lowest energy correspond-

ing to PMF in a specific state, found the corresponding frame
according to the corresponding reaction coordinates corre-
sponding to the lowest energy point, and then extracted the

structure of the corresponding frame. For each state we consid-
ered an ensemble of structures to analyse information. The PMF
of GLP-1R/inactive state system (see Fig. 1a), which was
simulated from the inactive structure, exhibits three stable

states. In state I, the TM2–TM6 distance is ,15 Å, which is
close to the distance of 14.79 Å found in the inactive crystal
structure. In state II, the TM2–TM6 distance is 18 Å (close to

22 Å in the active crystal structure). The H1802.50 and E2473.50

distance is ,3 Å in state I and state II. State III shows a TM2–
TM6 distance of 15.0 Å versus the distance between H1802.50

and E2473.50 of 7.5 Å. The PMF could determine the free energy
difference of states, state I (,0.478 kcal mol�1) represented the
conformation close to the inactive state, the conformation of
GLP-1R overcame an energetic barrier of ,0.32 kcal mol�1

(state II: ,0.794 kcal mol�1) corresponded to the intermediate
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Fig. 1. (a) Free energy landscape of GLP-1R/inactive state system (5vew) for distances between TM2 and TM6 intracellular region

versus His1522.50 and Glu2193.50. Three stable energy wells are shown: state I to III. (b) Structural comparisons of GLP-1R inactive

crystal structure (blue) and representative conformations of state I (purple), state II (pink), and state III (yellow) for theGLP-1R/inactive

state system, which are viewed from the intracellular side. The arrow represents the direction of the TM movement.
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state and continued to cross an energy barrier of ,0.7 kcal
mol�1 to change the conformation of GLP-1R into state III
(,1.506 kcal mol�1), which mainly represented the active state

(as mentioned in the Experimental, the aMD trajectory has not
been reweighed, the free energy values of the conformational
states are not quantitatively accurate).

Using Amber tools, PDB files were dumped for the represen-
tative structure from the ensemble of structures for each state.
Fig. 1b shows the overlap of the representative conformations
from the three states and the crystal structure in the inactive

state. The conformational analysis indicates that state I is close
to the inactive state, but still exhibits a tendency towards an
active state, such as the outward movement of TM5 found in the

state I (see Fig. 1b). This outward movement of TM5 is also
observed in the activation of other class B GPCRs.[26] State II
and state III are both active-like states. Compared with the

inactive crystal structure, TM5 and TM6 in state II move
outward obviously, and the TM2–TM3 distance in state III
increases. Therefore, we speculate that although the outward
movement of TM6 and the distance increase of TM2–TM3 are

important features for the activation of class B GPCRs, the
outward movement of TM5 may be a beginning of GLP-1R
activation.

Deactivation of GLP-1R from the Active Crystal Structure
(PDB ID: 5vai)

Studies have shown that the presence of agonists and G proteins

are beneficial for stabilising the receptor in a fully activated
state, and with the removal of agonist and G protein the receptor
will gradually deactivate.[21,22] To observe the deactivation

process of the active GLP-1R (5vai), the PMF profiles are cal-
culated similar to the GLP-1R/inactive state system mentioned
above, based on the same reaction coordinates: the distance
between the intracellular ends of TM2 and TM6 and distance of

H1802.50 and E2473.50.
As shown in Fig. 2, the GLP-1R/active state system starting

from the active structure exhibits two low energy states, in state

IV, the distance between H1802.50 and E2473.50 is ,3.5 Å, and
the distance between the intracellular end of TM2 and TM6 is
between 17–21 Å, while state V is centred on the 5.3 Å

H1802.50–E2473.50 distance and the 18.5 Å TM2–TM6 distance,
and state IV is close to the active state while they are 22 and
3.3Å, respectively. The intermediate states that we capture

through PMF are only intermediate states that are relatively
stable in energy during the activation or inactivation process.
The free energy of state IV (,0.249 kcal mol�1) and state V

(,1.688 kcal mol�1) represented the conformation of GLP-1R
and overcame an energy barrier of ,0.1.44 kcal mol�1 during
the deactivation process. Although the activation process and
the deactivation process are two contrary processes, since there

are many intermediate states, the intermediate states that occur
in these two processes are not exactly the same.

Two representative conformations were extracted from these

two stable states, and overlappedwith the active crystal structure
(see Fig. 2b). It is shown in Fig. 2b that TM6 of state V and state
IVmoves inward, and TM5 alsomoves towards the centre of the

helices, showing a certain deactivation characteristic.[26] It is
clear that state V is more close to the active state than state V, so
we speculate that in the process of GLP-1R deactivation, TM6
undergoes significant inward movement followed by TM5

moving inward and the distance reducing between TM2 and
TM3. This is completely different from the previous activation
process of an GLP-1R/inactive state system. For the activation

of GLP-1R, it begins with the outward movement of TM5, and
then TM6 moves outward and the polar interaction between
TM2 and TM3 is destroyed. It indicates that although the overall

characteristics of the receptor during activation and deactivation
are identical, the steps of the receptor in completing the activa-
tion and deactivation processes are not completely consistent.

Analysis of Correlated Motions and Structural Changes

The movement of each region is not independent when the
receptor undergoes a conformational change. In order to explore
the correlation between the regions during the change of

receptor activity, we calculated the residue cross-correlations
for the two systems of GLP-1R (see Fig. 3).

Obviously, the overall correlation of the GLP-1R/active state

system is higher than the GLP-1R/inactive state system for there
are many higher related regions with cross-correlation values
larger than 0.6 in the GLP-1R/active state system. An activation
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Fig. 2. (a) Free energy landscape of GLP-1R/active state system (5vai) for distances between TM2 and TM6 intracellular region versus

His1522.50 and Glu2193.50. Two stable energy wells are shown: state IV to V. (b) Structural comparisons of GLP-1R active crystal

structure (blue) and representative conformations of state IV (purple) and state V (yellow) for the GLP-1R/active state system, which are

viewed from the intracellular side. The arrow represents the direction of the TM movement.
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study onM2 receptors byMiao et al. indicates the apo receptor is
more likely to transform between inactive, intermediate, and

active states,[16] so a receptor in the apo state shows higher
correlations than the receptor bound by the antagonist QNB.
Although the two systems for GLP-1R are all in the apo state, the
overall correlation of the GLP-1R/active state system is higher,

indicating that GLP-1R/active state system has more possibili-
ties to transform between different conformation states, and the
deactivation and activation process may have different energy

barriers. Meanwhile, a higher correlation is observed between
TM1 and TM7 in the GLP-1R/inactive state system, and the
GLP-1R/active state system shows a higher correlation between

TM3 and TM4, which further indicates the difference between
the activation and deactivation process.

To further explore the difference in some functional regions
during the activation and deactivation process, we calculated the

root-mean-square deviation (RMSD) of these regions of GLP-
1R. The G-protein binding site located in the cytoplasmic end
served as the opening of the cytoplasmic part in TM6 and the

movement of TM5 from a cavity with TM2, TM3, and TM7, and
it interacts directly with H8 and ICL1. Meanwhile, the highly
conserved HETx region is also adjacent to H8 and ICL1. Thus,

we have analysed the dynamic changes of H8 and ICL1 during
the activation and deactivation process through monitoring its
RMSD change (see Fig. 4). H8 in the GLP-1R/active state

system presents a larger RMSD fluctuation than in the GLP-
1R/inactive state system, whichmay indicate that H8 changes in
the process of deactivation before the activation process. At the
same time, the RMSDvalues of ICL1 in theGLP-1R/active state

system are larger and fluctuatemore greatly than in theGLP-1R/
inactive state system, indicating that the deactivation of GPCR
after omitting the G-protein has an obvious effect on ICL1 of

G-protein binding site. Moreover, the RMSD of ECL2 which
performs the function of a ‘lock’ and occupies the binding site of
GLP-1 was calculated. The RMSD values of ECL2 in the GLP-

1R/inactive state system are higher than that in the GLP-1R/
active state system, which is beneficial to the ligand binding,
indicating that the first step for the activation process is the

obvious change of ligand-binding site. Our observations further
show that the first significant change in the deactivation process
is the region associated with G-protein binding, while for the

activation process, the ligand-binding site changes significantly.
It is further confirmed that the signal of activation is transmitted

from the extracellular side to intracellular part.

Protein Structure Network (PSN)

In order to further explore how signals are transmitted from the

extracellular to intracellular part, how ligand-binding regions
and G protein binding regions are co-regulated, and the simi-
larities and differences of signal transduction pathways between

activation and deactivation processes, a protein structure net-
work (PSN) analysis tool was used to analyse the allosteric
signal transduction pathways of these two systems of GLP-1R.

We selected the residues of the ligand-binding region and the
residues of the G-protein binding region as the starting and end
nodes of the PSN search, respectively.[3,9,10] Fig. 5 shows the
pathway with the highest frequency in the two systems. In

the GLP-1R/inactive state system, the residue N2403.43 in the
ligand-binding pocket is used as the starting point, and the signal
is transmitted to the residue S3526.41 in the G protein binding

region via the residues F1872.57, L1832.53, and Y4027.57. These
residues are located in TM2, TM3, TM6, and TM7. It is further
confirmed that these helices play important roles in the

activation process, and these helices involved in activation
signal transduction have been confirmed in many class A
GPCR.[17,21,22,27] For the GLP-1R/active state system, the

allosteric pathway is composed of N2403.43–S1862.56–
W2433.46–I1792.49–Y2503.53. These residues only involve TM2
and TM3, and not TM6, which may be related to the inward
movement of TM6 in the deactivation process. Although the

signal transduction pathways in the process of activation and
deactivation are different, the signal transduction of both sys-
tems start with N2403.43, which is the key residue of the ligand-

binding region.[3] Its appearance in these two pathways confirms
its importance of maintaining the function of GLP-1R.

In order to clarify whether the difference of communication

pathways (Fig. 5) was influenced by the presence of the
N-terminal in the active structure, we constructed a third system
of active GLP-1R from 5vai but without an N-terminal (denoted

as GLP-1R/active state-without N-terminal) (see Supplemen-
tary Material). The PSN was analysed on the 1 ms aMD
simulation of the GLP-1R active state-without N-terminal
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system. As shown in Table S1 (Supplementary Material), the
allosteric pathways between the ligand-binding site and the

G-protein pocket is similar to the GLP-1R active state system
(just one more amino acid L2543.49 which locates in the G
protein pocket compared with the GLP-1R active sate), but the

frequency value decreased from 84 to 30%. Although the
N-terminal may play an important role in the receptor confor-
mational transition process (Fig. S2 and Fig. S3, Supplementary

Material), the presence or removal of the N-terminal in the
active structure has a weak effect on the residues’ composition
of signal transduction pathways in the activation process.

Through the exploration of the allosteric pathways above, it

was found that the signal transduction pathways of activation
and deactivation processes are not mutually reversible. It is also
consistent with our previous results that the steps of activation

and deactivation are not the same.

Experimental

System Preparation

The cryo-EM structure of GLP-1R in active (PDB ID: 5vai)

and X-ray crystal structure of GLP-1R in inactive (PDB ID:
5vew) states were obtained from the PDB bank. In order
to obtain the activation and deactivation processes of

GLP-1R, we constructed two models: a) GLP-1R/inactive
state – the negative allosteric modulator and one monomer
in the crystal structure (PDB ID: 5vew) were removed;

b) GLP-1R/active state – the G-protein, ligand, and nano-
body in the crystal structure (PDB ID: 5vai) were removed
and the missing residues were also repaired. The missing

residues were repaired using Modeller 9.16.[28] All opera-
tions of system preparations were carried out via CHARMM-
GUI,[29] the N-termini and C-termini of the receptors were

capped by neutral groups (acetylamide and methylamide), and
then the CHARMM force field was used to set the protonation
state according to the physiological pH conditions. The prepared

protein structures were then inserted into an equilibrated POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) bilayer
phospholipid as depicted byDickson et al.[30] with lipids located
within 1 Å of the complexes removed, and then solvated in a

rectangular water box with the TIP3P water model. The
entire system was electrically neutralised with 0.15M NaCl.
Each system contains ,80000 atoms with a box size of

81 Å� 81 Å� 134 Å.

Molecular Dynamics Simulations

Using AMBER 16 software,[31] we carried out accelerated MD

(aMD) and conventional MD (cMD) simulations. In the cMD
simulation process, four steps were performed to reach the
equilibrium. First, the POPC lipids were energy minimised

within 100 ps with all other atoms fixed. Then, 100 ps energy
minimisation was done for the waters, followed by 100-ps
minimisation for the receptor. Finally, all the atoms were
released in 1 ns minimisation. After that, the systems were

heated gradually from 0 to 310K followed by 5 ns NVT simu-
lation using Berendsen temperature coupling[32] and periodic
boundary conditions. Finally, a 200 ns NPT simulation was

performed under the conditions of 1 atm and 310K. The ff14SB
force-field[33] was used for the receptor and the POPC lipids
utilised the lipid.[34] All bonds associated with a hydrogen atom

are limited by the SHAKE algorithm,[32] and the electrostatic
interaction was handled with a 10 Å non-bonded cutoff by the
particle mesh Ewald algorithm.[35] The time step was set to 2 fs

and the trajectories were stored every 10 ps for further analysis.
In addition, the final structure from the cMD simulation served
as the initial structure for the aMD simulation.
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In order to simultaneously improve the sampling of spatial

and diffused degrees of freedom, aMD adopts a ‘dual-boost’
method based on torsion potential and total potential
energy.[15] The aMD modification of the potential is defined

by Eqns 1 and 2:

V rð Þ ¼ V0 rð Þ þ Vt rð Þ ð1Þ

V n rð Þ ¼ V0 rð Þ þ Vt rð Þ þ DVt rð Þ½ �f g þ DVT rð Þ ð2Þ

where V0(r) is the initial potential and Vt(r) is the torsion

potential. DVt(r) and DVT(r) are the increasing potential ener-
gies applied to the torsional potential energy Vt(r) and the total
potential energy VT(r), respectively. In terms of Eqns 3 and 4,

the acceleration parameters for the dihedral potential and total
potential energy were calculated:

Edihed ¼ Vdihed avg þ l� Vdihed avg; adihed ¼ l� Vdihed avg=5

ð3Þ

Etotal ¼ Vtotal avg þ 0:2� Natoms; atotal ¼ 0:2� Natoms ð4Þ

where Natoms represents the total numbers of atoms, and
Vdihed_avg and Vtotal_avg are the average dihedral and total
potential energies, which were calculated from the 200 ns

cMD simulations. l is an adjustable acceleration parameter.
Herein, l¼ 0.3 was chosen to calculate the dihedral potential
energy since the value was reported to be appropriate for

enhanced sampling of GPCRs.[16,36] The starting structure of
the aMD simulation was selected from the final structure of the
cMD simulation. Finally, a 1 ms aMD simulation was performed
for each system.

Potential of Mean Force (PMF)

PMF, also known as the free energy landscape, can examine the
changes in free energy with specific reaction coordinates. Thus,
the PMF profiles of two systems were calculated in terms of two

reaction coordinates selected: the distance between the cyto-
plasmic ends of TM6 and TM2, and the distance between
H1802.50 and E2473.50. Along the two reaction coordinates, the

energy landscape could be calculated according to the Python

scripts ‘PyReweighting’ supported at http://mccammon.ucsd.
edu/computing/amdReweighting/,[37] which is based on Eqn 5:

A zJ ; zIð Þ ¼ �kBT ln r zJ ; zIð Þð Þ ð5Þ

where kB represents the Boltzmann constant, T denotes the
temperature, zJ and zI are reaction coordinates, and r denotes
the probability of distribution. Due to the large size of the

system, the free energy landscape of the aMD simulations can
be reweighted but overflow errors may arise in calculating the
weights, and it was found that the unweighted PMF profiles

from the aMD simulations match well the PMF profiles of cMD
simulations,[16] so the unweighted free energy landscapes were
used in the work. Here, the PMFmethod was used to capture the

stable state and distinguish the difference between the states by
examining the changes in free energy.

Cross-Correlation Analysis

Correlation analysis can reveal the coupling relationship

between atoms, which facilitates an in-depth understanding of
the dynamics of a receptor during activation and deactivation.

Therefore, we used the DCC algorithm[38] to calculate the cor-

relation between residues (see Eqn 6).

Cij ¼
ri � rið Þ rj � rj

� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2i � r2i

� �
r2j � r2j

� �r ð6Þ

where i and j represent atoms or residue, andCij is the covariance
matrix of i and j.

Protein Structure Network (PSN)

Protein Structure Network (PSN)[39] is a structure-based net-
work approach, which can provide integral network character-

istics, such as nodes, hubs, and edges for proteins. It can be used
to gain insight into the overall properties of protein dynamics,
topological rearrangements, and important residues, and to

provide information about intramolecular and intermolecular
communication, which is important for proteins to perform their
biological functions. In PSN, the residue acts as a node of the
network, and when the percentage of interaction between the

two nodes is greater than or equal to a given threshold, the two
nodes are connected by one edge (see Eqn 7):

Iij ¼ nijffiffiffiffiffiffiffiffiffi
NiNj

p � 100 ð7Þ

where Iij presents the interaction percentage for the nodes i and j,
nij represents the number of side chain atoms in a given distance

cutoff range, and Ni and Nj are the normalisation factors for
residues i and j, respectively.

Wordom software[40] was used for correlation analysis and

protein structure analysis, and the cpptraj module of AMBER

16[32] for other MD analyses.

Conclusions

Despite intense interest in the GLP-1R, knowledge about the
activation and deactivation mechanism is very limited. Thus,
many questions remain partially or completely unanswered on

experiments. To gain insight into the difference of conforma-
tional changes during activation and deactivation and obtain the
intermediate states that are difficult to capture for experiments,

we combined aMD and cMD to simulate the active and inactive
GLP-1R and coupled this with PMF calculations, structure
analysis, correlation analysis, and PSN analysis to study the

mechanism of activation and deactivation.
As evidenced by PMF results, there are five intermediate

states during the activation and deactivation processes. The

conformational analysis of these states revealed that the activa-
tion of GLP-1R was first by the outward movement of TM5,
followed by TM6 off-shoring, and the increasing of distance
between TM2 and TM3, while the deactivation of GLP-1R was

the obvious inwardmovement of TM6, and then the inward shift
of TM5.Although both processes involve themovement of TM5
and TM6, the order of them is different, which may be the

difference between activation and deactivation.
It was shown by structural analysis that during the activation

process, the ECL2 associated with ligand binding first changed

greatly, which is beneficial to the binding of peptide ligands. But
on the contrary, in the process of deactivation, the H8 and ICL1
regions related to the G-protein binding site change first. The
correlation of overall residues in the GLP-1R/inactive state
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system is weaker than that in the GLP-1R/active state system.

Moreover, TM1–TM7 maintains a high correlation during
activation process, while TM3–TM4 exhibits a high correlation
in the process of deactivation.

The protein structure network (PSN) further reveals the
allosteric pathways between the ligand-binding site and the
G-protein pocket during activation and deactivation processes.
Although TM5 and TM6 have obvious conformational changes

in these two processes, the allosteric communication pathways
in these two processes are different, and signal transduction of
activation and deactivation is not reversible. At the same time, it

also confirms the important role of N2403.43 in maintaining the
function of GLP-1R. The N-terminal may play a part in the
activation/deactivation conformational transition process, and

the importance of the N-terminal will be further studied.
In summary, the observations from this work could provide

molecular information for elucidating the mechanisms of acti-
vation and deactivation, and reveal the allosteric regulation of

the ligand-binding and G-protein binding site in these two
processes. It promotes our understanding of the structure and
function of GPCR and is beneficial to drug design targeting

GLP-1R.

Supplementary Material

The simulation results of the third system of active GLP-1R
from 5vai but without N-terminal (denoted as GLP-1R/active
state-without N-terminal) are available on the Journal’s website.
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F. H. Marshall, Nature 2017, 546, 254. doi:10.1038/NATURE22800
[4] D. J. Drucker, J. Philippe, S.Mojsov,W. L. Chick, J. F. Habener,Proc.

Natl. Acad. Sci. USA 1987, 84, 3434. doi:10.1073/PNAS.84.10.3434
[5] J. A. Engel, E. Jerlhag, CNS Drugs 2014, 28, 875. doi:10.1007/

S40263-014-0178-Y
[6] M. R. Hayes, H. D. Schmidt, Curr. Opin. Behav. Sci. 2016, 9, 66.

doi:10.1016/J.COBEHA.2016.02.005
[7] K. P. Skibicka, Front. Neurosci. 2013, 7, 181. doi:10.3389/FNINS.

2013.00181
[8] G. Song, D. Yang, Y.Wang, C. de Graaf, Q. Zhou, S. Jiang, K. Liu, X.

Cai, A.Dai, G. Lin,D. Liu, F.Wu,Y.Wu, S. Zhao, L.Ye, G.W.Han, J.

Lau, B. Wu, M. A. Hanson, Z.-J. Liu, M.-W. Wang, R. C. Stevens,

Nature 2017, 546, 312. doi:10.1038/NATURE22378
[9] Y. Zhang, B. Sun, D. Feng, H. Hu,M. Chu, Q. Qu, J. T. Tarrasch, S. Li,

T. S Kobilka, B. K. Kobilka, G. Skiniotis, Nature 2017, 546, 248.
doi:10.1038/NATURE22394

[10] S. Durdagi, B. Dogan, I. Erol, G. Kayık, B. Aksoydan, Curr. Opin.

Struct. Biol. 2019, 55, 93. doi:10.1016/J.SBI.2019.02.013
[11] C. Gomez Santiago, E. Paci, D. Donnelly, Biochem. Biophys. Res.

Commun. 2018, 498, 359. doi:10.1016/J.BBRC.2018.01.110
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