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Abstract
Therapeutic activation of G protein-coupled estrogen receptor 1 (GPER-1) shows 
promise for treating Waldenström’s Macroglobulinemia (WM). Recently, the 
selective small-molecule agonist G-1 or its enantiomer LNS8801 were reported 
as potent GPER-1 pharmacological activators, however, the molecular events 
surrounding their chirality towards GPER-1 is still unexplored. This study aimed 
to explore the molecular events surrounding the chirality of the selective small-
molecule agonists G-1 and LNS8801 towards GPER-1. Molecular docking and 
dynamics simulations revealed strong binding affinities and key amino acid 
residues involved in the activation process. The results revealed favourable 
binding affinities of -29.87kcal/mol, and -28.09kcal/mol for G-1 and LNS8801 
towards GPER-1, respectively. Per-residue energy decomposition and time-
dependent analysis proved that Arg253 and Arg254 are key amino acid residues 
in binding these activators towards GPER-1. The activators affected stability, 
flexibility, and structure of GPER-1. G-1 exhibited greater rigidity when bound to 
GPER-1 compared to LNS880. This study’s findings illuminate chirality and the 
potential for optimizing the enantiomer ratio to enhance inhibitory effects. These 
results could also reveal the molecular specifics and binding mechanism of the 
G-1 and its enantiomer LNS8801 with GPER-1, laying the basis for the rational 
design of enhanced chiral molecules against WM.
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1 INTRODUCTION 
Waldenström’s Macroglobulinemia (WM) is an incurable 

B-cell malignancy characterized by the presence of 
monoclonal immunoglobulin M (IgM) in the bloodstream 
and the infiltration of clonal lymphoplasmacytic cells in 
the bone marrow[1]. It accounts for approximately 1% to 
2% of all hematologic malignancies, with an estimated 
annual incidence of 1500 new cases in the United 
States[2-4]. The average survival rate for symptomatic 
individuals is approximately nine years[5]. The exact 

cause of WM is unknown, but it is believed to result 
from genetic mutations that lead to uncontrolled growth 
and accumulation of lymphoplasmacytic cells[6]. The 
abnormal cells produce excessive amounts of monoclonal 
IgM, a large antibody molecule, which can cause various 
symptoms and complications[7,8] Standard treatment for 
WM involves the administration of rituximab, an anti-
CD20 antibody, in combination with alkylating agents, 
nucleoside analogues, and proteasome antagonists. In 
addition, novel therapeutic approaches, such as next-
generation covalent BTK inhibitors, non-covalent BTK 
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inhibitors, BCL-2 inhibitors, and CXCR4-targeted drugs, 
are being explored[9-12]. However, the current standard 
of care only achieves complete remission in a small 
percentage of WM patients, underscoring the urgent 
need for the development of new therapeutic strategies. 
The G protein–coupled receptor (GPCR) superfamily 
is the largest and most diverse cell surface receptors 
involved in many critical physiological processes, 
diseases, and disorders[13]. Moreover, while at least 
500 GPCRs have been revealed as therapeutically 
significant targets, only a small fraction of GPCRs 
have been described either in their free apo form 
or in the presence of ligands[14]. G protein-coupled 
estrogen receptor 1 (GPER-1/GPR30) is a member of 
the G protein-coupled receptor that controls cellular 
processes in cancer, including proliferation, migration, 
and apoptosis[15-19]. GPER-1 has garnered attention as 
a promising and innovative therapeutic target based on 
its role in facilitating the transactivation of the epidermal 
growth factor receptor (EGFR), activation of the MAPK 
and PI3K signalling pathways, stimulation of adenyl 
cyclase, and mobilization of intracellular calcium[20]. The 
pharmacological activation of GPER-1 with the selective 
small-molecule agonist G-1 or its enantiomer LNS8801 
is one of the promising new approaches to treating WM 
and other human cancers[21-23]. G-1 and LNS8801 induce 
an increase in mitotic protein cyclin B1 expression, as 
well as annexin V binding and caspase 3/7 activity, two 
indicators of apoptotic cell death and the accumulation 
of BCWM-1 cells in the G2/M phase[23].

Enantiomers, or optical isomers, are chiral molecules 
with different three-dimensional (3D) geometries and 
no axis of symmetry but identical atomic sequences and 
bonds[24]. Although enantiomers share similar physical 
characteristics, like melting and boiling temperatures, 
their biological activities and mechanisms may differ[24]. 
Enantiomers whose plane of polarization rotates counter-
clockwise are known as laevorotary or negative (l 
or -), whereas those whose plane rotates clockwise 
are known as dextrorotary or positive (d or +)[24]. 

The racemic mixture contains both the positive and 
negative enantiomers in equal amounts[24,25]. The 
administration of racemic drugs boosts enantiomer-
enantiomer interactions, with one enantiomer vying with 
the other for binding to a receptor’s active region[26]. 
Stereoselective interactions can happen as one 
enantiomer may have more potent interactions, leading 
to preferential binding[24,25]. These pharmacological 
activity differences provide important clues about the 
medications’ mechanisms of action and may be valuable 
in fine-tuning the enantiomer ratio for future research 
into the potential therapeutic benefits of enantiomers 
in therapeutic interventions[27,28]. Recent research 
has shown that pharmacologically activating GPER-1 
suppresses tumor cell proliferation in WM. G-1 (Tespria) 
and LNS8801, a selective small-molecule agonist of 

GPER-1, causes G2/M cell cycle arrest and apoptosis in 
vitro and in vivo in animal models[23].

Biomedical engineers are striving to develop simple, 
inexpensive, portable, and powerful tools that might 
be useful in numerous fields of biomedical research, 
including drug discovery and therapeutic methods in 
regenerative medicine. This is the aim of biomaterials 
research and development, which seeks to create low-
cost, broadly applicable technologies[29,30]. Computer-
aided drug design (CADD) is extensively used to expedite 
the discovery of effective in-vitro and in-vivo models and 
identify small molecules with inhibitory potential[31,32]. 
This study focused on using computational methods, 
specifically MD modeling, on investigating the structural 
dynamics of GPER-1 following stereoselective interactions 
with G-1 and its enantiomer LNS8801(Figure 1). Using 
several post-MD molecular modeling analysis approaches, 
we gained structural insight into the binding abilities of 
G-1, its enantiomer LNS8801, and the conformational 
changes that occurred to the GPER-1 enzyme following 
binding. This report’s findings will inform future efforts to 
enhance and optimize these hits to increase their potency 
and selectivity as potential drug candidates.

2 COMPUTATIONAL METHOD- 
OLOGY
2.1 System Preparation

AlphaFold Protein Structure Database (https://
alphafold.ebi.ac.uk/)[33,34], was used to predict the 
3D structural of G protein-coupled estrogen receptor 
1 (GPER-1) using FASTA sequence which obtained 
from UniProt (https://www.uniprot.org/) (UniProt ID: 
Q99527)[35]. Structure of GPER-1 was prepared for 
molecular dynamics simulation using Molegro Molecular 
Viewer[36], and the UCSF Chimera software tool[37]. The 
SDF files for G-1 (ID: 3136849) and LNS8801 (ID: 
5322399) were downloaded from Pubchem[38], and used 
the web service Open Babel (http://openbabel.org/) 
to convert them to the mol2 format. Subsequently, 
Avogadro was used to optimizing the geometry of the 
structures and saved to be docked into the binding 
pockets of GPER-1[39].

2.2 Binding Site Identification and 
Molecular Docking

Site Map was used to locate binding sites on the 
GPER-1 enzyme and rate them according to their 
potential as therapeutic targets[40]. Binding sites were 
cross validated using the MetaPocket 2.0[41], and 
Site Hound servers[42], which are preferred for site 
recognition due to their high prediction accuracy rate. 
G-1 and LNS8801 were docked individually into the 
binding pocket of GPER-1 using the UCSF Chimera 
software package[37]. The docking score calculations 
were generated using the Graphical User Interface 
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Figure 1. The Structural Dynamics of GPER-1 Fol-
lowing Stereoselective Interactions with G-1 and 
its Enantiomer LNS8801. A: Surface view of the GPER-
1 enzyme bound to G-1 and LNS8801.B: 2D structures of 
G-1. C: 2D structures of LNS8801.

A

B C

of AutoDock Tools[43,44]. The docked conformations 
were computed using the Lamarckian Genetic 
method, commonly associated with trustworthiness 
and sufficiency[45,46]. The grid box had the following 
dimensions and coordinates: size x=10.0, y=15.874, 
z=10.0 with center x=-21.95, y=1.08, z=8.77. The 
binding scores and poses that exhibited the best-ranked 
conformation and the lowest binding free energies 
(-7.8kcal/mol for GPER-1-G-1 and -7.2kcal/mol for 
GPER-1- LNS8801) were chosen and saved for further 
study. The protein stability was assured in the MD 
simulations by adjusting the system’s protonation levels 
with Maestro Schrödinger[47-49], correcting essential 
hydrogen atoms, and capping neutral residues. The 
ligand-free system of GPER-1 was investigated utilizing 
validated simulation protocols, which have been widely 
employed in our previous research[50-53].

2.3 MD Simulations
2.3.1 Simulations Protocol

MD simulations were performed using the AMBER18 
software and its Particle Mesh Ewald Molecular 
Dynamics module to investigate the conformational 

dynamics of unbound GPER-1 and its complexes with 
G-1 and its enantiomer LNS8801[54]. The FF14SB 
force-field was applied to parameterize the protein 
structures[55]. Prior to simulation, the GPER-1 protein 
was prepared using an in-house pdb4amber script, 
which facilitated necessary modifications, renaming, 
and protonation of histidine residues. The LEAP module 
was employed to generate accurate parameters and 
topology files for GPER-1, and system neutralization 
was carried out using the same tool. Subsequently, 
energy minimization was performed under a constraint 
potential of 500kcal/mol, involving a two-step process: 
partial minimization (2,500 steps) followed by full 
minimization (5,000 steps). Furthermore, a gradual 
temperature ramp-up from 0 to 300K was applied 
to the systems, allowing for thermal equilibration at 
300K through an unconstrained simulation period of 
1,000ps. The atmospheric pressure was maintained at 
1bar using a Berendsen barostat[56]. To ensure further 
stability, a 500ns MD simulation was conducted to 
explore the structural consequences of interacting 
GPER-1 with G-1 and its enantiomer LNS8801[57].

2.3.2 Post-molecular Dynamics Sim-
ulation Analysis

The enzyme coordinates for unbound GPER-1 
(Apo) as well as GPER-1 in complex with G-1 and 
LNS8801 were recorded at 1ps intervals during the MD 
simulations. The trajectories were subsequently analyzed 
using the integrated CPPTRAJ module in AMBER 18[58]. 
Post-analysis of the MD simulation systems involved 
evaluating various parameters including protein stability 
(RMSD), flexibility (RMSF), compactness (Rog), solvent 
accessible surface area (SASA), and dynamic cross-
correlation (DCCM). Additionally, principal component 
analysis (PCA) was performed to elucidate the extent 
of atomic displacement in the enzyme. The binding 
free energies between the ligands and the protein were 
calculated using the Molecular Mechanics/Generalized 
Born Surface Area (MM/GBSA) technique. The obtained 
data and resulting complexes were visualized using the 
Microcal Origin analytical tool. (https://www.originlab.
com/)[59], NMW is implemented in Visual Molecular 
Dynamics (https://www.ks.uiuc.edu/Research/vmd/)[60].

2.4 MM/GBSA Ligands-protein Bind-
ing Free Energy Computations

The free energies of interaction, including polar and 
non-polar solvation energies, electrostatic interactions, 
and van der Waals forces, between GPER-1 and its 
ligands G-1 and LNS8801 were calculated using the 
Molecular Mechanics/Generalized-Born Surface Area 
(MM/GBSA) method[61-65]. The mathematical equation 
for MM/GBSA is:
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the ∆Gbind is the summation of the gas and solvent 
energy minus entropy (TS).

here Egas denotes the sum of the AMBER force fields’ 
internal energy terms, including Eint for torsion, angle, 
and bond energies; Evdw for van der Waals energies 
associated with a covalent bond; and Eelec for electrostatic 
energies associated with a non-bonded pair.

The solvent energy calculation is represented by the 
following equation:

The polar (GGB) and non-polar (GSA) solvation effects 
were evaluated using the solvent-accessible surface 
area (SASA) approach. This involved employing a 
water probe with a radius of 1.4Å and setting the 
surface tension constants ‘b’ and ‘c’ to 0kcal/mol 
and 0.0072kcal/mol, respectively[66]. Additionally, to 
examine the stability of GPER-1, a per-residue energy 
decomposition analysis was conducted, enabling the 
determination of the potential energy contribution 
of individual residues within the catalytic site. This 
analysis provides valuable insights at the atomic level 
regarding the blocking efficacy of G-1 and LNS8801 
and elucidates the mechanism by which these ligands 
interact with and target GPER-1.

2.5 DCCM
Dynamic cross-correlation analysis was applied to 

explore the dynamic fluctuations and motions in the 
backbone of GPER-1, specifically focusing on the α-carbon 
atoms. This analysis encompassed both the unbound state 
of GPER-1 and its complexes with G-1 and LNS8801[67]. 
The cross-correlation elements (i and j) for the Cα atoms 
were calculated using the following Equation 6:

where ri=Cαi= the MD trajectory’s constant time. 
Cij=1 represents highly correlated motions in the 
trajectory, and Cij=-1 represents highly anticorrelated 
motions. The motion discrepancy between 1 and -1 
demonstrates that I and j motions are anti-correlated.

2.6 PCA
PCA, an established technique for investigating 

conformational dynamics in proteins, was utilized 
to characterize the residual motions of GPER-1 
in its unbound state and when bound to G-1 and 
LNS8801[68]. Through dimensionality reduction, PCA 
identified correlated and anticorrelated fluctuations 
based on the molecular dynamics trajectories[69,70]. The 
eigenvectors, derived from the atomic coordinates, 
were employed to construct a positional covariance 
matrix (C) that facilitated the analysis of collective 

motions. The eigenvectors provided insight into the 
directionality of motion, while the corresponding 
eigenvalues conveyed information about the magnitude 
of these motions[71,72]. The positional covariance matrix 
C’s matrix elements were calculated using the following 
equation:

In this expression, N denotes the overall number 
of Cα atoms, qi and qj represent their corresponding 
cartesian coordinates, and I, j represent the i-th and j-th 
positions, respectively.

Following superimposing the MD trajectories 
onto a reference structure and performing a least-
squares match, we estimated the average to remove 
the rotational and translational movements[73,74]. 
The eigenvectors and eigenvalues are calculated by 
transforming the symmetric matrix C into a diagonal 
matrix Λ of eigenvalues utilizing orthogonal coordinate 
transformation matrix T, as shown below.

here eigenvalues represent the total mean-square 
fluctuation of the system along each eigenvector, and 
eigenvectors indicate the directions of motion to (qi). 

3 RESULTS AND DISCUSSION
3.1 MM/GBSA-based Interaction 
Analyses

The binding affinities of G-1 and LNS8801 towards 
GPER-1 were computed using the Molecular Mechanics/
Generalized Born Surface Area (MM/GBSA) technique. 
The therapeutic substance’s pharmacological (inhibitory) 
action is determined by its interaction within the pocket 
site of its biological target. The detailed molecular 
information provided by these estimated energies could 
be used to develop medications with higher binding 
affinity. The technique is affordable yet dynamic and 
provides the capacity to predict atomistic interactions 
between biological targets and their therapeutic 
molecules.

Table 1 displays the data, demonstrating that G-1 and 
LNS8801 bind favourably to GPER-1 with ∆G readings of 
-29.87kcal/mol, and -28.09kcal/mol, respectively. The 
likeness in the predicted ∆G scores could be indicative 
of binding mechanisms that are analogous in nature.

3.2 Decomposing Total Binding Free 
Energy of G-1 and LNS8801 when 
Bound to GPER-1 to Disentangle the 
Building Block Residues that Strength-
en Binding Affinity

The evaluation of decomposed per-residue energy 
provides energy participation of individual residues 
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Table 1. MM/GBSA-based Binding Affinity Profile of G-1 and LNS8801 Bound to GPER-1

Systems

Energy Components
(kcal/mol)

∆Evdw ∆Eele ∆Ggas ∆Gsol ∆Gbind

G-1 -39.52 ± 0.05 -2.08 ± 0.10 -41.60 ± 0.11 11.73 ± 0.09 -29.87 ± 0.05

LNS8801 -37.71 ± 0.08 -13.57 ± 0.16 -51.29 ± 0.20 23.20 ± 0.14 -28.09 ± 0.08

Notes: All energies are in kcal/mol. ∆Eele = electrostatic energy; ∆Evdw = van der Waals energy; ∆Gbind = total binding free energy; ∆Gsol = solvation 
free energy; ∆Ggas = gas phase free energy.

that interacted with G-1, and LNS8801 at the binding 
sites of GPER-1 during the 500ns molecular dynamic 
simulation, shedding light on the crucial significance 
of some residues that contributed immensely to the 
interaction between G-1, and LNS8801 and GPER-1. 
Figure 2 shows that arginine contributed the most to 
the overall energy compared to the other amino acid 
residues.

As observed in Figures 2A, from GPER-1 and G-1 
interaction Arg155, Arg253 and Arg254 in the GPER-1 
binding exhibited the highest total energy contributions 
amongst other binding site amino acid residues equal to 
(-172.15kcal/mol), (-165.45kcal/mol), and (-174.62kcal/
mol), respectively. Likewise, from GPER-1 and LNS8801 
interaction Arg155, Arg251, Arg253 and Arg254 in 
GPER-1 binding site are residues with the highest total 
energy compared to other residues (-174.77kcal/mol), 
(-163.54kcal/mol), (-169.58kcal/mol), and (-172.46kcal/
mol), respectively as demonstrated in Figures 2B. These 
results suggest that arginine is a key residue in driving 
the interaction between the GPER-1 and G-1, and 
LNS8801. 

3.3 Time-dependent Analysis of 
Important Interactions of G-1 and 
LNS8801 at the Binding Site of GPER-1

A time-dependent analysis of residues that 
established repeated interactions was performed to 
further investigate the interaction profile of G-1 and 
LNS8801 considering their stability inside the binding 
pocket of GPER-1. This analysis is significant as it 
provides valuable insights into the specific residues 
that play a crucial role in the binding and stability of 
G-1 and LNS8801 during the entire simulation period. 
Molecular interactions were visually examined at 
regular intervals during the 500ns molecular dynamics 
simulation. Representative snapshots were extracted at 
time points of 100, 200, 300, 400, and 500ns to ensure 
a comprehensive representation throughout the entire 
simulation duration. These selected snapshots offer a 
comprehensive depiction of the molecular interactions 
and dynamics observed during the simulation.

For the G-1 interactions with residues Arg253, Arg254 
and Ala257 persisted throughout the entire 500ns 
simulation period indicating the key role these amino 

acid residues play in the binding and inhibitory process 
(Figure 3A). Amino acids Arg253 and Arg254 were 
among the top three performing residues exhibited the 
highest total energy contributions amongst other binding 
site amino acid residues (Figure 2A). Lys256 and Ser357 
are residues that establish hydrogen bonds with carbonyl 
oxygen of acetophenone moiety of G-1, while Arg155 
and Arg253 are residues that establish hydrogen bonds 
with one of the oxygens in dioxole moiety of G-1.

For the LNS8801 interactions with residues Arg253, 
Arg254 and Asp368 persisted throughout the entire 
500ns simulation period indicating the key role these 
amino acid residues play in the binding and inhibitory 
process (Figure 3B). Amino acids Arg253 and Arg254 
were among the top four performing residues exhibited 
the highest total energy contributions amongst other 
binding site amino acid residues (Figure 2B). Asp368 is 
the residue that establish hydrogen bond with one of the 
oxygens in dioxole moiety of LNS8801. 

Collectively, findings here highlight the similarity in 
the binding patterns of the two inhibitors characterized 
by forming and sustaining interactions with key amino 
acids in the GPER-1 structure. The consistency of 
these residues in maintaining these interactions shows 
the active role they have towards GPER-1 inhibition. 
Interestingly, most of these implicated amino acid 
residues contributed the most energies towards the 
total free binding energy of all three inhibitors as 
reported earlier in the per residue energy contribution 
analysis. These findings highlight these residues as key 
drivers of GPER-1 inhibition.

3.4 Unveiling Conformational and 
Structural Changes in GPER-1 upon 
Binding of G-1 and LNS8801

In order to ensure the reliability of the molecular 
dynamics (MD) simulations, the stability of the three 
systems was carefully evaluated to confirm the 
convergence and structural integrity of the ligand-
bound and unbound states over the course of the 
500ns simulation. Assessing the stability of atomic 
motions is crucial to identify and mitigate any 
undesired fluctuations or simulation defect[75]. To this 
end, the structural stability of each investigated system 
was quantified using the root-mean-square deviation 
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FFigure 2. Plots Illustrate Decomposed Per-residue Energy and their Participation in the Binding Affinity at the 
GPER-1’s Binding Pockets. A: when bound to G-1. B: when bound to LNS8801. Corresponding inter-molecular interactions 
are displayed in (a) G-1 (b) LNS8801.

(a)

(b)

(RMSD) of the C-α atoms. By comparing the protein 
conformation of GPER-1 in its bound states with G-1 
and LNS8801 to its unbound form, the RMSD metric 
provided an estimate of the atomic deviations observed 
in the backbone structures of the protein backbone[76]. 
An elevated RMSD finding indicates that the backbone 
atoms are deviating more, whilst a low RMSD value 
usually indicates a reduction in the motions within the 
backbone atoms and could also afford an explanation 
for structural stability[52]. As revealed in Figure 4, the 
binding of G-1, and LNS8801 to the GPER-1 protein 
was seen to have consistently caused structural 
modification, presenting as increase in backbone atoms 
deviations in comparison to its apo form. The average 
RMSD for GPER-1, when bound to G-1, and LNS8801, 
were found to be 14.59Å, and 15.67Å. However, the 
median RMSD reading for peptide-free GPER-1 is 
11.91Å. Consequently, we can infer that the binding 

of G-1, and LNS8801 to GPER-1 had activating impact 
since the bound systems demonstrated higher RMSD 
averages than the unbound system. 

We further analysed the structural flexibility of 
GPER-1 protein as a consequence of the binding of 
G-1, and LNS8801. To investigate this, the C-α atoms 
root mean square fluctuation (RMSF) of GPER-1 when 
bound to these ligands compared to its ligand-free 
state was measured throughout the 500ns simulation 
period. An elevated RMSF worth generally indicates 
heightened fluctuations within the backbone structure 
of the protein, which ultimately leads to a more flexible 
structure and vice versa[77]. Figure 5 demonstrates 
that compared to the ligand-free state of GPER-1, 
the binding of G-1 decreased the GPER-1 fluctuation 
rates. However, the binding of LNS8801 increase 
fluctuations compared to the ligand-free system. The 

A

B
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Figure 3. 3D Illustration of the Degree of Hydrogen Bond Donors (Magenta) and Acceptors (Light Green) Inside 
GPER-1 Active Site. A: When bound to G-1. B: When bound to LNS8801. Interaction dynamics represented in a compara-
tive, time-based manner for GPER-1 coupled to (a) G-1, and (b) LNS8801.

FFigure 4. Comparative C-α RMSD Plots Showing the Degree of Stability and Convergence of the Studied Sys-
tems over the 500ns MD Simulation Time. A structure surface view of ligand free GPER-1 and when bound to G-1 and 
LNS8801.

A

B

Interactions

(a)

(b)

S
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RMSF readings for the GPER-1 when bound to G-1, 
and LNS8801 were 3.39Å and 4.81Å respectively, while 
ligand-free GPER-1 had 3.55Å.

Further to the RMSF computations, the radius of 
gyration (RoG) was explored to shed light on the 
compactness of GPER-1 when bound to G-1, and 
LNS compared to GPER-1 ligand-free state. RoG is 
determined by squaring the mass-weighted root-
mean-square distance of the group of atoms distant 
from their shared center of mass[78,79]. The average Rg 
readings for the three systems, GPER-1-Apo (26.72Å), 
GPER-1- G-1 (25.52Å), and GPER-1-LNS8801 (25.46Å). 
These results demonstrated that the binding of G-1 
and LNS8801 increase the rigidity of GPER-1 compared 
to ligand-free state (Figure 6).

Moreover, we proceeded to examine whether 
the exposure of residues in the presence of solvent 
molecules throughout the molecular dynamic simulation 
was affected by the binding of G-1, and LNS8801 and 
whether this exposure impacted specific interactions. 
Therefore, the solvent-accessible surface area (SASA) 
metrics were computed for each system[80]. As observed 
in Figure 7, the average SASA of GPER-1 in the ligand-
free state is 22904.40Å2, while the average SASA 
of GPER-1 when bound to G-1, and LNS8801 are 
22453.95Å2 and 22272.44Å2, respectively. The binding 
of G-1 and LNS8801 to GPER-1 induces a structural 
rearrangement of active site residues, which may 
explain the decrease in solvated area. 

3.5 DCCM
In order to investigate the variations in the dynamics 

of GPER-1 in its Apo form and when bound to G-1 and 
LNS8801, dynamic cross-correlation matrices (DCCM) 

Figure 5. Time Evolution RMSF of Each Residue of the Protein C-α Atom over 500ns for Ligand-Free GPER-1 and 
When Bound to G-1 and LNS8801. Insert shows superimposed structures of the studied systems showing regions with 
high fluctuations (red circle).

Figure 6. Radius of Gyration (ROG) of C-α Atoms of 
GPER-1-Apo, GPER-1-G-1, and GPER-1-LNS8801 Cal-
culated from the MD Trajectories of 500ns.

were constructed to analyze both anti-correlated 
and correlated protein structural motions (Figure 8). 
Scatter plots were utilized to depict the communities in 
which GPER-1 residues exhibited negative or positive 
correlations with respect to their residual motion. 
Throughout the simulation, both positive and negative 
movements were observed in the GPER-1-LNS8801 
complex. In contrast, the GPER-1-Apo displayed a 
distinct pattern, characterized by a more pronounced 
positive correlation compared to the GPER-1-G-1 and 
GPER-1-LNS8801 complexes. 

3.6 PCA
Intensive movements of GPER-1 when bound to 

evaluated using PC analysis with the first two eigenvectors 
(EVs) to qualitatively examine the influence of induced 
mutations on the major conformational movements of 
each amino acid residue[53]. The conformational changes 

https://doi.org/10.53964/id.2024007
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Figure 7. C-α Atoms SASA Relative to the Initial Minimized Structure Throughout 500ns for Ligand-Free GPER-1 
and When Bound to G-1 and LNS8801. Red and blue indicate regions with lower and higher SASA values, respectively.

Figure 8. Dynamic Cross-Correlation Matrix Analyses for GPER-1 Ligand-Free State (Apo) and When Bound to G-1 and LNS8801 
Calculated from the MD Trajectories of 500ns.

https://doi.org/10.53964/id.2024007
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A B

Figure 9. Principal Component Analysis. A: Apo GPER-1 and bound GPER-1 to G-1, and LNS8801. B: PC1 collective mo-
tions for the obtained predominant EVs utilizing PCA across the 500ns molecular dynamics simulation.

of bound and unbound CXCR4 were shown in a 2D 
scatter plot (Figure 9A), whereas the prominent PC1-
using EVs in bound and unbound GPER-1 are depicted 
in (Figure 9B). Figure 9A shows 2D scatter plots for all 
three systems, indicating a significant change in GPER-
1’s overall movements after being bounded to G-1, and 
LNS8801. Moreover, Figure 9A demonstrates that the 
GPER-1 when bound to G-1, imposed highly fluctuated 
anti-correlated effects as the negative values of 
2D-scatter points into the protein. GPER-1 in a free state 
and, when bound to LNS8801, demonstrate prominent 
correlated motions with minimal system fluctuations. 
The scattered patterns in Figure 9B depict the transition 
of protein movements between states, with GPER-1-Apo 
demonstrating a higher transition than bound GPER-1. 

4 CONCLUSION
This study provides insight into the structural and 

conformational dynamics of GPER-1 upon binding of G-1 
and its enantiomer LNS8801 and demonstrates that 
GPER-1 is a potential actionable target in WM. Based on 
the binding affinity, G-1, and LNS8801 demonstrated 
favourable binding to GPER-1 protein with ΔG values 
of -29.87kcal/mol, and -28.09kcal/mol, respectively. 
Furthermore, according to the per residue energy 
decomposition and time-dependent analysis, the amino 
acid residues Arg253 and Arg254 played a key role in 
the interactions between these ligands and GPER-1. 
They contributed significantly to the total binding affinity 
and consistently formed crucial interactions with the 
bound inhibitors throughout the entire 500ns simulation 
period. From a structural perspective, G-1, and LNS8801 
affected the stability, flexibility, compactness, solvent-
accessible surface area, and correlated motions of GPER-
1. This was distinguished by several structural changes, 
both in the ligand-bound and ligand-free forms, that 
were able to impede GPER-1’s biological activity. Slight 
variations in the results, including binding affinity, indicate 
convergence in effectiveness with the superiority of G-1 
over LNS8801. Overall, the study’s findings shed light on 

important molecular information about the chirality of the 
G-1 and its enantiomer LNS8801 that could be applied 
to designing GPER-1 activators in the future. This allows 
scientists to pinpoint specific regions of a target protein 
that interact with the ligand of interest and address any 
structural obstacles that might prevent the desired effects 
from being realized. This helps scientists make informed 
predictions before spending time and money on laborious 
laboratory experiments.
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