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Unveiling the molecular basis 
of lobeline’s allosteric regulation 
of NMDAR: insights from molecular 
modeling
Chandran Remya 1, E. J. Variyar 2, R. V. Omkumar 4, C. Sadasivan 2,3 & K. V. Dileep 1*

Neurological and psychiatric disorders contribute significantly to the global disease burden, adversely 
affecting the quality of life for both patients and their families. Impaired glutamatergic signaling is 
considered to be a major cause for most of the neurological and psychiatric disorders. Glutamate 
receptors are over activated in excitotoxic conditions, leading to dysregulation of  Ca2+ homeostasis, 
triggering the production of free radicals and oxidative stress, mitochondrial dysfunction and 
eventually cell death. Excitotoxicity primarily results from the overactivity of NMDARs, a subtype 
of ionotropic glutamate receptors, due to their pronounced  Ca2+ permeability and conductance 
characteristics. NMDAR antagonists are suggested to have therapeutic use as they can prevent 
excitotoxicity. Our previous studies demonstrated lobeline, an alkaloid, exerts neuroprotective 
action in excitotoxic conditions by blocking NMDAR. However, the atomic level interactions of 
lobeline with NMDAR was not characterized yet. Structural comparison of lobeline with a known 
NMDAR antagonist ifenprodil, followed by molecular docking and dynamics simulations revealed that 
lobeline could bind to the ifenprodil binding site i.e., in the heterodimer interface of GluN1-GluN2B 
subunits and exert ifenprodil like activities. By in silico structure guided modifications on lobeline and 
subsequent free energy calculations, we propose putative NMDAR antagonists derived from lobeline.

Glutamatergic neurons in the main excitatory system of the brain play a pivotal role in many neurophysiological 
 functions1. Under normal conditions, glutamate, produces an excitatory response and plays a key role in primary 
perception and cognition in the  brain2. This response is generated when glutamate interacts with its receptors. 
However, the excessive activation of glutamate receptors can lead to neuronal dysfunction and  excitotoxicity3,4. 
Excitotoxicity is a condition at the central nervous system (CNS) characterized by progressive neuronal death 
due to an increased release and/or decreased uptake of excitatory amino acid transmitters, primarily  glutamate5. 
The excitatory effects of glutamate are exerted via the activation of ionotropic receptors and metabotropic recep-
tors linked to G-proteins6. Rapid excitation by glutamate, in turn, solely involves action at ionotropic receptors 
that include N-methyl-d-aspartic acid (NMDA), α-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) 
and kainic acid (KA)  receptors1,7. These ionotropic receptors are ligand-gated ion channels permeable to various 
cations. The NMDA receptor (NMDAR) plays a pivotal role in both the formation and functions of the nervous 
system, as well as in neurotoxicity. The transmission of neurotransmitters facilitated by NMDAR holds utmost 
significance in fundamental brain development and  functionality8,9.

The NMDARs are calcium  (Ca2+) favoring glutamate-gated ion channels that are expressed in the CNS and 
were initially attributed to the neuronal death, owing to their heightened  Ca2+ permeability and conductance 
 properties10. NMDAR exhibit obligatory hetero-tetrameric assemblies, usually composed of two glycine binding 
GluN1 subunits and two glutamate-binding GluN2A-D  subunits11,12. Sustained activation of GluN1/GluN2B 
NMDARs leads to elevated intracellular  Ca2+ influx and protease activities. These processes initiate a cascade 
of events that ultimately culminate in cell death, either through apoptosis or  necrosis13. These downstream 
effects encompass several critical processes, including mitochondrial membrane depolarization, generation of 
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reactive oxygen species, activation of caspases, and cell  death14–16. Even though the precise mechanisms by which 
NMDAR overactivation induces excitotoxicity may vary among different disorders, a substantial body of evidence 
implicates NMDAR-mediated excitotoxicity as a common pathway underlying the pathogenesis of numerous 
neurodegenerative conditions. These conditions range from acute events like stroke and brain trauma to chronic 
neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s  disease17–22.

NMDAR subunits exhibit a modular domain structure, featuring amino-terminal domains (ATDs) and 
ligand-binding domains (LBDs) situated on the extracellular region of the membrane. Subunits also consist of a 
transmembrane domain (TMD) that defines the ion channel pore, and a carboxy terminal domain (CTD) located 
within the  cytoplasm11,12. A distinctive characteristic feature of NMDAR is their channel activity is allosterically 
regulated by small molecules that bind to the ATD, exhibiting subtype-specific effects. Ifenprodil and related 
phenylethanolamine compounds have gained significant attention due to their selective inhibition of GluN1/
GluN2B  NMDAR23–25. These compounds have been the subject of extensive research for their potential applica-
tions in the treatment of various neurological disorders and diseases.

Previously, we demonstrated that lobeline, a plant-based alkaloid present in Lobelia inflata blocks NMDAR 
activity and protects neurons from glutamate mediated  excitotoxicity26. Lobeline is known for its CNS directed 
anxiolytic, anti-depressant and neuroprotective  activities27–35. Even though it has been demonstrated that lobeline 
blocks NMDAR activity, the atomic level interactions of lobeline on NMDAR has not yet been explored. Moreo-
ver, elucidating the binding mode of lobeline on NMDAR is crucial, as NMDAR comprises various domains, and 
the binding of small molecules to each of these domains can have a regulatory effect on NMDAR  activity45–47. 
In the present work, we made an attempt to study the structural basis of lobeline’s interactions with NMDAR. 
The structural similarity of lobeline with ifenprodil provided a rationale to propose lobeline’s binding at the 
heterodimer inter-subunit interface located between the ATDs of GluN1 and GluN2B containing NMDAR. To 
confirm lobeline’s binding at the ATD, molecular docking and molecular dynamics simulation were performed. 
Further, structure guided modification on lobeline was performed to propose novel lobeline derivatives with 
increased affinity towards NMDAR.

Materials and methods
Assessment of shape and chemical similarity of lobeline with ifenprodil
Shape-based screening is frequently utilized to identify molecules that exhibit similarities in both shape and 
electrostatic properties to a known  binder36. In order to evaluate the similarity between lobeline and ifenprodil, 
we conducted shape and chemical-similarity assisted assessments. To perform a similarity check, the struc-
tures of both ligands were downloaded from PubChem database and were prepared using the LigPrep module, 
Schrödinger (Schrödinger, LLC, New York, USA). Ionized and tautomeric states of the ligands were generated 
using the Epik program and energy minimization was performed using optimized potential for liquid simulations 
(OPLS3) force  field37,41. The shape-based flexible ligand superposition was done with the help of Schrödinger’s 
flexible alignment  option36. Additionally, the Tanimoto similarity between lobeline and ifenprodil was assessed 
using the Swiss Similarity  program38,39.

Computational designing of putative lobeline derivatives
To enhance the affinity of lobeline binding, we employed computational techniques to design novel lobeline ana-
logs, utilizing the ChemSketch program. The analogs were created by introducing different functional groups, and 
their binding orientations were assessed through molecular docking simulations. Subsequently, the free energy 
of binding for these modified lobeline derivatives was calculated using the MM-GBSA method.

Binding studies of lobeline and its derivatives with NMDAR
For docking studies with NMDAR, crystal structure of the amino terminal domain of the NMDAR subunits, 
GluN1 and GluN2B in complex with ifenprodil (PDB ID: 3QEL) was employed directly rather without any struc-
tural modifications, or modeling the missing residues. A thorough structural analysis revealed no missing regions 
within 5 Å proximity of the ifenprodil binding site. Therefore, we assumed that the presence of these gaps is 
unlikely to impact the binding of ligands. Additionally, due to its better resolution when compared to other 
structures of ifenprodil bound  NMDAR23 (site where ifenprodil bound was designated as S1) we used it for our 
studies. Further to explore possible binding of lobeline on other binding sites of NMDAR, we employed molecular 
docking by utilizing the following structures, the crystal structures of S-(+)-ketamine bound GluN1a–GluN2B 
NMDARs (PDB ID: 7SAC) (representing channel blocker bound conformation), crystal structure of the NMDAR 
GluN1 ligand binding domain in complex with 1-thioxo-1,2-dihydro-[1,2,4]triazolo[4,3-a] quinoxalin-4(5H)-
one (PDB ID: 4KFQ) (representing glycine antagonist bound conformation) and structure of GluN1b-GluN2B 
NMDAR in complex with GluN2B antagonist SDZ 220-040 (PDB ID: 6WHX) (representing glutamate antagonist 
bound conformation). The corresponding binding sites in all these structures were named as S2–S4, respectively. 
The details of all the NMDAR crystal structures used in the docking studies are given in Table 1. Each receptor 
structures were prepared using protein preparation wizard by adding polar hydrogen atoms, incorporating proper 
protonation states of the residues, optimizing hydrogen bond networks and minimizing energy using an OPLS-3 
force field with a RMSD cut off of 0.30 Å. The binding site was clearly defined using a grid which is generated on 
each minimized target structure around the centroid of the bound ligands and was used for the docking  studies42. 
A focused docking of these ligands (both lobeline and its derivatives) was performed on each of the defined grid 
area of the selected protein structures using extra precision (XP) method employed in the Schrödinger maestro 
 program43. We specifically employed XP because it does extensive sampling and have more sophisticated scor-
ing function with greater requirements for ligand receptor shape  complementarity43. In XP docking, only the 
active compounds show certain poses that avoid penalties and get good scores. This happens by making sure the 
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protein and the ligand connect well through hydrophobic contact and hydrogen bonding. The binding energy 
of each protein–ligand complex was then predicted using Prime MM-GBSA method.

Molecular dynamics simulation
Molecular dynamics (MD) simulations were performed to evaluate the stability and flexibility of the docked 
ligands at the ATD of NMDAR. The energetically most favorable pose was obtained when lobeline docked at 
the heterodimer interface of GluN1 and GluN2B (S1), which was used for the subsequent MD simulations. 
All MD simulations were performed by GPU accelerated Desmond  software44 with the ligands. Prior to MD 
simulations, the system was set up using the "System Builder" in Desmond. The protein–ligand complex was 
immersed into an orthorhombic box with dimensions of 10 × 10 × 10 Å containing TIP3P explicit solvent model. 
The systems were further neutralized by adding  Na+ or  Cl−. In addition to that, 0.15 M of NaCl was also added 
to the system to provide a physiological environment. The number of atoms in each simulation system is given 
in the Table S1. Using the OPLS-2005 force field, the MD simulation was performed for 500 ns with a recording 
interval of 500 ps. The NPT ensemble was employed with a temperature fixed at 300 K and pressure at 1.01 bar. 
The thermostat and barostat methods used in the studies were ‘Nose–Hoover chain’ and ‘Martyna–Tobias–Klein’ 
respectively. RESPA was used for the integration and the integration time step was set at 2fs. Default settings 
were used for all other parameters.

Residue decomposition analysis and in silico site directed mutagenesis
Post dynamic free energy calculation of the complexes was done using MM-GBSA method to understand the 
time evolution of the binding energy. Total 100 snapshots were extracted from MD simulation trajectories for 
the energy calculation. Additionally, per residue energy decomposition for each snapshot was also calculated to 
quantitatively measure the energy contributions of each residue in binding of lobeline and ifenprodil. To identify 
amino acids that exhibit significant energy contributions in the ligand binding were mutated to alanine based on 
a notion that alanine mutants may contribute little to the binding free energy. We then computed the difference 
in binding free energy before and after the mutation to evaluate the effect of these amino acid substitutions.

Results and discussions
Lobeline binds to the heterodimer inter-subunit interface at the ATD of NMDAR similar to 
ifenprodil
Our previous studies demonstrated lobeline’s neuroprotective activity against glutamate mediated  excitotoxicity26. 
The cell-based studies provided a valid proof for the NMDAR channel blockade activity of  lobeline26; however, 
the atomic level interaction of lobeline with NMDAR is unknown. Since lobeline was blocking the NMDAR 
channel activity, we hypothesized that lobeline may directly bind to the channel vestibule or bind to a site that 
can modulate the channel activity. It is noteworthy that the structure of lobeline (Fig. 1A) is very similar to a 
known antagonist of NMDAR called ifenprodil (Fig. 1A). The volume overlaps of these ifenprodil and lobe-
line (Fig. 1A), indicating a substantial level of shape similarity (87% similarity) between these ligands. Due to 
lobeline’s significant structural similarity to ifenprodil, we speculated that lobeline could potentially bind to the 
same binding site on the NMDAR where ifenprodil binds. Ifenprodil binds to the heterodimer interface between 
the ATDs of GluN1 and GluN2B subunits (Fig. S1) and regulates the channel activity of  NMDAR23. In order 
to determine the binding mode of lobeline towards the NMDAR, molecular docking study was carried in the 
S1, co-crystal structure of NMDAR-ifenprodil complex. The binding site was defined by assigning a grid on the 
crystal ligand, ifenprodil. The validity of docking protocol was confirmed by redocking ifenprodil with NMDAR. 
A comparison of the docked pose with the crystal pose did not show a noticeable RMSD between the ligands 
(Fig. S1), affirming the accuracy of the chosen docking protocol. The free energy of binding and the interaction 
pattern of ifenprodil and lobeline with NMDAR (Table 2 and Fig. 1B) suggested that lobeline shares a similar 
binding mode when compared to ifenprodil. The residues like Y109 from GluN1 and E236, F176, E106, F114 
and Q110 of GluN2B subunit are majorly involved in ifenprodil binding. 

Both ligands possess similar interactions like stacking interactions with F114 and H-bond with Q110 
(GluN2B). A cation–π interaction between positively charged piperidine ring nitrogen and Y109 (GluN1) was 
seen in the case of lobeline. On the other hand, a π-π interaction with F176 (GluN2B) and hydrogen bond 
(H-bond) between piperidinyl nitrogen and Q110 were observed in the case of ifenprodil. It is worth noting 
that the phenolic OH group of ifenprodil forms H-bond with E236 (GluN2B) which is missing in lobeline due 
to the absence of a hydroxyl group at the same position. This disparity in hydrogen bonding accounts for lower 

Table 1.  Overview of the NMDAR crystal structures used in the molecular docking study. EM electron 
microscopy; QEL ifenprodil; JC9 S-(+)-ketamine; KFQ 1-sulfanyl[1,2,4]triazolo[4,3-a]quinoxalin-4(5H)-one; 
QGP 2S)-2-amino-3-[2ʹ,4ʹ-dichloro-4-hydroxy-5-(phosphonomethyl)biphenyl-3-yl]propanoic acid.

Sl No. PDB ID Method Resolution (Å) Ligand Subunits Binding site Referred as

1 3QEL X-ray 2.60 QEL GluN1–GluN2B Hetero dimer interface-ATD S1

2 7SAC EM 3.69 JC9 GluN1–GluN2B Channel vestibule-TMD S2

3 4KFQ X-ray 2.20 KFQ GluN1 Glycine binding site-LBD S3

4 6WHX EM 4.09 QGP GluN2B Glutamate binding site-LBD S4
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affinity of lobeline (glide score: − 10.07 kcal/mol) compared to ifenprodil (glide score: − 13.05 kcal/mol). This 
observation is also in accordance with the previous studies where lobeline exhibit lower potency (IC50: 75 μM)26 
when compared to ifenprodil (IC50: 0.34 μM) in the in vitro  conditions23.

Though lobeline has high structural similarity with ifenprodil, we also explored the binding potential of 
lobeline at other druggable sites in NMDAR (Fig. S2A). This includes channel vestibule of NMDAR (S2) and 
ligand binding domains of both GluN1 (S3) and GluN2B (S4). Our docking studies suggested that the binding 
of lobeline at other sites (Fig. S2B–D) are energetically weaker when compared to that in the S1, which further 
supported our claim that lobeline prefer to bind at the ifenprodil binding site i.e., at the S1 (Fig. 1C).

Figure 1.  Binding of ifenprodil and lobeline on NMDAR. (A) The structure of ifenprodil, lobeline and their 
volume overlaps. Benzyl moieties in lobeline are marked as 1 and 2 and the structural modification was done 
on the ring 1. (B) The binding mode of ifenprodil (green) and lobeline (yellow) at the ATD of NMDAR. 
Compounds bind at the interface of GluN1 (represented in cyan) and GluN2B (represented in pink) subunits 
of ATD (S1). Hydrogen bonds are represented as black dashed lines. (C) Free energy of binding of lobeline at 
different binding sites of NMDAR. (D) The RMSD determined for ifenprodil and lobeline at the binding site 
(S1) of NMDAR during 500 ns simulation.

Table 2.  Comparative binding energetics of ifenprodil, lobeline, and its derivatives with NMDA Receptor. 
Evdw van der Waals energy; Ecoul coulombic energy.

Name Glide score (Kcal/mol) Evdw (Kcal/mol) Ecoul (Kcal/mol) Binding energy (∆G)(Kcal/mol)

Ifenprodil − 13.05 − 38.50 − 21.12 − 91.99

Lobeline − 10.07 − 42.33 − 10.02 − 83.50

Lob-1 − 12.82 − 44.25 − 17.27 − 95.10

Lob-2 − 11.42 − 44.24 − 17.27 − 94.68

Lob-3 − 07.82 − 46.80 − 11.89 − 86.12
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Further to understand the binding stability of lobeline in the S1, a 500 ns long MD simulation was performed. 
Crystal structure of the ATD of NMDAR in complex with ifenprodil was also simulated for 500 ns and used 
as a control experiment. While analyzing the RMSD of lobeline during the simulation, a significant structural 
deviation was observed (Fig. 1D). The RMSD of lobeline was found to stabilize around 1.2 Å for initial 65 ns 
and has undergone a large conformational rearrangement (average RMSD of 4.69 ± 1.48 Å), indicating a flexible 
landscape of lobeline at the binding site. In contrast, the binding of ifenprodil was stabilized below 2 Å (average 
RMSD of 1.72 ± 0.10 Å) throughout the simulation period attributed to the stable binding and higher affinity of 
ifenprodil than lobeline (Fig. 1D). The protein RMSD was below 0.5 Å during the entire period of simulation.

Charged and polar residues play an important role in lobeline binding
The per residue decomposition energy calculated from the MM-GBSA analysis of ifenprodil–NMDAR complex 
and lobeline–NMDAR complex is depicted in Fig. 2A. Five residues such as E106 (GluN2B), Y109 (GluN1), Q110 
(GluN2B), R115 (GluN1) and E236 (GluN2B) that exhibit highest energy contributions towards the lobeline-
NMDAR and ifenprodil-NMDAR complex formation were selected for in silico mutagenesis to further validate 
the significance of each residue in binding process. Five mutants such as E106A, Y109A, Q110A, R115A and 
E236A were prepared as described previously (See the section binding studies of lobeline and its derivatives with 
NMDAR). Further, the molecular docking of lobeline was done on S1, free energy of binding was deduced and 
compared with that of wild type. The binding energy of ifenprodil and lobeline towards mutants is presented 
in Fig. 2B,C, respectively. Lobeline interacts with Y109A mutant NMDAR with relatively similar strength as 
compared to that in wild type. However, the binding was significantly affected in the presence of other mutants 
such as Q110A, R115A, E106A and E236A mutants (Fig. 2C). The binding energy of lobeline is ~ 3-fold weaker 
in the case Q110A when compared to that in the wild type, indicating the crucial role of Q110 in determining 
the binding of lobeline. The disparity in binding energy highlights the significant role of charged and polar 
residues in lobeline binding. We noted a disruption of the H-bond interaction with Q110 in the Q110A mutant 
and the lack of cation-π interaction in the Y109A mutant. Furthermore, there was a notable differences in the 
lipophilic and van der Waals energy in the case of lobeline–mutant NMDAR complexes (Fig. 2D). Importantly, 
the ligand strain energy was consistently higher in all the mutants except E236A when compared to the binding 
of lobeline with the wild type (Fig. 2E). Typically, the strained conformations of the ligands results from adopt-
ing an unfavorable high-energy torsion angles during the binding process, leading to an increase in the strain 
energy of the ligands. The higher ligand strain energy in presence of the mutants indicates the significance of 
these residues in achieving the optimal binding poses.

Structure guided modification on lobeline improved the binding stability at ATD of hetero 
dimer inter-subunit interface
In vitro and in silico studies showed that lobeline possesses a moderate antagonistic activity against NMDAR 
when compared to ifenprodil. The detailed analysis of the binding mode of lobeline with NMDAR pointed out 
that binding affinity of lobeline could be improved through structure-based drug design approach. The per 
residue binding energy decomposition analysis and in silico site-directed mutagenesis provided insights into 
the significance of four specific residues: E106, Q110, R115 and E236, in the binding of lobeline (Fig. 2A,B). The 
energy contributions of these residues were higher in the case of binding of lobeline and ifenprodil (Fig. 2A). 
We also observed that mutating these residues into alanine significantly affected the binding energies, suggesting 
the role of these residues in the binding of lobeline and ifenprodil (Fig. 2B).

Similar to ifenprodil, lobeline was also found to interact with E106 and Q110. The R115 primarily engages in 
van der Waals interactions with the ligands. However, due to the absence of a phenolic group in lobeline’s struc-
ture, it is unable to make H-bond with E236 as observed in the ifenprodil binding (Fig. 1B). Prior mutagenesis 
studies have already demonstrated the critical role of E236 in ifenprodil-mediated  inhibition40. Consequently, it 
is hypothesized that incorporating a functional group capable of forming a H-bond with E236 may potentially 
enhance the binding affinity of lobeline towards NMDAR. Thus, we incorporated a hydroxyl group and its 
isosteric groups on the corresponding position (i.e., on the para position of benzene ring marked as 1 on the 
lobeline skeleton, see Fig. 1A) and their interactions with NMDAR at the S1 (hetero dimer interface between 
GluN1 and GluN2B) were studied. The derivatives of lobeline were named as Lob-1 (having –OH group on the 
para position of benzene ring marked as 1), Lob-2 (having –NH2 group on the para position of benzene ring 
marked as 1) and Lob-3 (having –SH group on the para position of ring benzene marked as 1) are represented in 
Fig. 3A–C, respectively. The Glide docking descriptors generated are given in the Table 2 and the binding mode 
of Lob-1, Lob-2 and Lob-3 at the S1 is shown in Fig. 3D–F, respectively.

The stability of these derivatives at the binding site of NMDAR was further assessed using 500 ns MD simu-
lations and their RMSD was plotted. The RMSD plot of Lob-1 (Fig. 3G), Lob-2 (Fig. 3H) and Lob-3 (Fig. 3I) 
suggested that the structural modification not only improved the binding affinity but also provided stability for 
the derivatives when compared to lobeline (Fig. 1D). During the simulation, Lob-3 displayed more fluctuations 
with an average RMSD of 3.77 ± 0.30 Å (Fig. 3I). Conversely, the orientation of Lob-2 remained relatively stable 
throughout the simulation, with an average RMSD of 1.78 ± 0.36 Å (Fig. 3H). Among the derivatives, Lob-1 
exhibited relatively stable binding, with an average RMSD of 0.80 ± 0.18 Å (Fig. 3G). These findings were further 
supported by the ligand torsion profile, illustrating the increased dynamics of lobeline compared to its derivatives 
(Figs. S3–Figs. S7). Specifically, the phenyl ethanol moiety of lobeline demonstrated greater rotational freedom 
due to fewer interactions with the protein, while the remaining portion of the molecule experienced minimal 
fluctuations (Fig. S4).
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Intermolecular contacts were enhanced by structural modifications
We then critically analyzed the intermolecular interactions between lobeline and its derivatives at the hetero-
dimer interface of NMDAR. Time evolution of interaction patterns suggests that the binding of all ligands 
are primarily characterized by H-bonds and stacking interactions (Fig. 4A,C,E,G,I). However, we observed a 

Figure 2.  Residue level decomposition energy analysis. (A) The per residue energy decomposition analysis 
of interacting residues upon binding to ifenprodil (black bars) and lobeline (grey bars) with NMDAR at S1. 
Binding energies of lobeline (B) and ifenprodil (C) towards wildtype (WT) and five mutants (E106A, Y109A, 
Q110A, R115A and E236A) calculated using Prime MM-GBSA method. (D) The energy contributions from 
lipophilic and van der Waals contacts upon binding of lobeline with wild type and mutants. (E) The ligand strain 
energies calculated for lobeline in the wild type and mutant NMDAR complexes.



7

Vol.:(0123456789)

Scientific Reports |        (2023) 13:22418  | https://doi.org/10.1038/s41598-023-49835-2

www.nature.com/scientificreports/

decrease in the number of contacts, especially H-bonds, in the case of lobeline (Fig. 4C), when compared to 
ifenprodil (Fig. 4A) and its derivatives (Fig. 4E,G,I). As mentioned earlier, there were noticeable fluctuations 
observed around 65 ns in the case of lobeline (Fig. 1D). This is clearly visible in the interaction plot, as most of 
the interactions were disrupted during this time period (Fig. 4C). During the simulation, lobeline formed two 
H-bonds, with Q110 and E106, which remained stable for approximately 82% and 79% of the simulation duration, 
respectively. To further assess the stability of these H-bond formations, we plotted the time evolution of H-bond 
distances between the ligand atoms and protein residues. Ifenprodil displayed stable H-bond formations with 
the interacting residues such as E106, Q110 and E236, as depicted in Fig. 4B. This observation aligns well with 
the torsion profile of ifenprodil (Fig. S3), indicating a stable conformation of ifenprodil in its binding orienta-
tion. The timeline depiction of H-bond distances involving E106 and Q110 with lobeline revealed that lobeline 
initially established two H-bonds with these residues (Fig. 4D). However, the H-bond between the piperidinyl 
nitrogen atom and OE1 of Q110 was disrupted (H-bond distance > 3.5 Å) between the 65–110 ns time frame. 
Later, lobeline re-established this H-bond for the rest of the simulation, indicating the flexible nature of lobeline 
within the binding site (Fig. S4). Additionally, instances of polar contacts between the hydroxyl group of lobeline 
and Q110 were also observed. Furthermore, the H-bond analysis revealed that the H-bond of the hydroxyl group 
of lobeline with E106 oscillated between its OE1 and OE2 atoms. The binding energy of lobeline, calculated from 
the simulation trajectories, was determined to be − 71.99 ± 10.01 kcal/mol.

Ifenprodil demonstrated stable H-bond formations with residues Q110 and E236 throughout the entire 
simulation period (Fig. 4B). In addition to the residue contacts observed in the crystallographic structures, we 
also observed H-bond with E106, which persisted in approximately 98% of the simulations. The H-bond forma-
tion predominantly involved the OE2 atom of E106, although instances of H-bonds with the OE1 atom of E106 
were also observed (Fig. 4B). Furthermore, the stability of ifenprodil at the ATD was supported by a network 
of hydrophobic interactions with F176 (observed in 88% of the simulation time), F114 (observed in 45% of 
the simulation time), and Y109 (observed in 79% of the simulation time). These interactions contributed to 
the overall stability of ifenprodil in the binding pocket of the ATD (Fig. 1D). The binding energy of ifenprodil, 
calculated from the simulation trajectories is − 99.59 ± 7.52 kcal/mol.

Similar to ifenprodil, Lob-1 exhibited a comparable pattern of H-bond interactions, which correlated 
with the stability of its binding as inferred from the RMSD plot (Fig. 3G). The binding energy of Lob-1 
(− 97.95 ± 13.17 kcal/mol) is very close to the binding energy of ifenprodil. As mentioned earlier, the Lob-1 
formed stable H-bonds (> 90% of the simulation time) through its piperidinyl nitrogen, hydroxyl and phenyl 
moiety with residues Q110, S132, and E236 of NMDAR, resulting in a stronger binding (Fig. 4F). In addition to 

Figure 3.  In silico based structural modifications on lobeline. The chemical structure of Lob-1 (A), Lob-2 (B) 
and Lob-3 (C). The benzyl moieties in each structure were marked as 1 and 2, the substitutions were done on 
the para position of benzene ring marked as 1. Binding mode of Lob-1 (D), Lob-2 (E) and Lob-3 (F) in the ATD 
interface of GluN1-GluN2B containing NMDAR. The ligands are shown in green stick model and protein is 
shown in cartoon representation. The cyan and pink color denotes GluN1 and GluN2B subunits respectively. 
The interacting residues are given in the stick model. Hydrogen bonds were represented as black dashed lines. 
The RMSD plot determined for Lob-1 (G), Lob-2 (H) and Lob-3 (I) at the binding site of NMDAR during 
500 ns simulation. The black and red color represents the protein and ligand RMSD respectively.
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the H-bonds, Lob-1 is also engaged in π–π interactions with F176 and F114. These interactions also contributed 
to the binding stability, accounting for approximately 45% and 47% of the simulation time, respectively. Overall, 
these findings indicate that Lob-1 shares similarities with ifenprodil in terms of its stable H-bond interactions and 

Figure 4.  Time evolution of the inter-molecular contacts formed between the ligand and protein. No. of 
contacts formed between (A) ifenprodil, (C) Lobeline, (E) Lob-1, (G) Lob-2 and (I) Lob-3 with NMDAR during 
the simulation period. The dynamics of H-bond formation between the ifenprodil (B), Lobeline (D), Lob-1 (F), 
Lob-2 (H) and Lob-3 (J) with ATD of NMDAR.
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the presence of important hydrophobic interactions (Fig. 4E). The conformational evolution of rotatable bonds 
displayed a relatively greater movement for the hydroxyl group in Lob-1 than its other counterparts (Fig. S5).

The binding of Lob-2 is characterized by H-bonds with E236, S132 and Q110 (Fig. 3E). However, the H-bond 
formation with E236 and S132 was observed only for initial ~ 60 ns and later the ligand underwent a conforma-
tional change that disrupted these H-bond formation (Fig. 4H). The stability of these H-bonds is influenced by 
the greater rotational motion experienced by the amine moiety and hydroxyl group, as depicted in Fig. S6. It is 
noteworthy that the ligand rearranged its position in such a way that the –OH group makes H-bond with E106 
(persists in about 87%) and the amine group makes H-bond with M207 (persists in about 78%) respectively. The 
H-bond formation of piperidinyl nitrogen with Q110 was found to be stable during the simulation period. The 
binding is further supported by hydrophobic interactions with residues such as Y109, A107, I111, L135, F176 and 
F114 and salt bridge formation with E106 (Fig. 4G). The binding energy calculated is − 86.65 ± 13.30 kcal/mol.

The dynamics of Lob-3 shows that it undergoes a large conformational change from its docked pose (Fig. 3F) 
up to 4 Å and then equilibrium for the rest of the simulation time. We observed that the H-bond with E236 
was abolished during the initial period of simulation due to this conformational change (Fig. 4J). However, the 
hydroxyl group makes a stable H-bond formation with E106. The binding is further supported by H-bond with 
Q110 (persists in about 46% of simulation time) and Y175 (persists in about 55% of simulation time) and π–π 
interaction with F176 and F114. The binding energy calculated is − 84.36.58 ± 9.44 kcal/mol. Overall the binding 
of Lob-3 is stabilized by H-bonds and stacking interactions (Fig. 4I). The exceptional stability of ligand torsion 
angles (Fig. S7) indicated that conformations of rotatable bonds in Lob-3 were stable while the ligand itself 
initially underwent a change in its binding orientation.

Taken together, the dynamics simulation studies indicated that the modifications improved binding stability 
and affinity of the ligands towards NMDAR. Notably, the H- bond interactions with E236, Q110 and E106 seems 
to be crucial for the binding stability of these ligands.

Conclusions
This study investigated the binding potential of lobeline specifically at the heterodimer interface of the ATD, 
focusing on the GluN1 and GluN2B-containing NMDAR. Molecular docking studies suggested that lobeline 
adheres to the ATD in a manner similar to ifenprodil. However, it became apparent from our in silico studies 
that lobeline displayed a lower affinity and stability when compared to ifenprodil. This was underscored by 
higher RMSDs, primarily attributed to the absence of H-bond formation with E236, a characteristic interac-
tion observed with ifenprodil. To enhance the binding stability and affinity of lobeline, structural modifications 
were introduced, including the addition of a hydroxyl group and its bioisosteres, resulting in the formation 
of an H-bond with E236. Analysis of RMSD plots and binding free energy profiles indicated that these newly 
designed derivatives exhibited improved binding stability and affinity when compared to lobeline. Analysis of 
ligand torsion profiles suggested a reduced conformational freedom for these new derivatives at the NMDAR 
binding site, contributed to the improved stability. Additionally, H-bond analysis highlighted the pivotal role 
of interactions with Q110 and E106 in the binding stability of the modified compounds. Although the in vitro 
studies have shown that lobeline can antagonize NMDAR activity, the structural elements that block the NMDAR 
activity was previously unknown. Thus, the current study that explains lobeline’s atomic-level interactions with 
NMDAR provides a structural framework in the realm of future drug discovery, particularly in the context of 
diseases where excitotoxicity plays a pivotal role in the progression.

Data availability
The datasets used and/or analyzed during the current study available from the Corresponding author on reason-
able request.

Received: 28 September 2023; Accepted: 12 December 2023

References
 1. Traynelis, S. F. et al. Glutamate receptor ion channels: Structure, regulation, and function. Pharmacol. Rev. 62(3), 405–496 (2010).
 2. Zhou, Y. & Danbolt, N. C. Glutamate as a neurotransmitter in the healthy brain. J. Neural Transmission 121(8), 799–817 (2014).
 3. Rothman, S. M. & Olney, J. W. Glutamate and the pathophysiology of hypoxic–ischemic brain damage. Ann. Neurol. 19(2), 105–111 

(1986).
 4. Dong, X. X., Wang, Y. & Qin, Z. H. Molecular mechanisms of excitotoxicity and their relevance to pathogenesis of neurodegenera-

tive diseases. Acta PharmacologicaSinica 30(4), 379–387 (2009).
 5. Choi, D. W. Excitotoxic cell death. J. Neurobiol. 23(9), 1261–1276 (1992).
 6. Niswender, C. M. & Conn, P. J. Metabotropic glutamate receptors: Physiology, pharmacology, and disease. Annu. Rev. Pharmacol. 

Toxicol. 50, 295–322 (2010).
 7. Reiner, A. & Levitz, J. Glutamatergic signaling in the central nervous system: Ionotropic and metabotropic receptors in concert. 

Neuron 98(6), 1080–1098 (2018).
 8. Paoletti, P., Bellone, C. & Zhou, Q. NMDA receptor subunit diversity: Impact on receptor properties, synaptic plasticity and disease. 

Nat. Rev. Neurosci. 14(6), 383–400 (2013).
 9. Hansen, K.B., Yi, F., Perszyk, R.E., Menniti, F.S. and Traynelis, S.F. NMDA receptors in the central nervous system. in NMDA 

Receptors (pp. 1–80). (Humana Press, 2017).
 10. Rothstein, J. D. Excitotoxicity hypothesis. Neurology 47(4 Suppl 2), S19-25 (1996).
 11. Lee, C. H. et al. NMDA receptor structures reveal subunit arrangement and pore architecture. Nature 511(7508), 191–197 (2014).
 12. Karakas, E. & Furukawa, H. Crystal structure of a heterotetrameric NMDA receptor ion channel. Science 344(6187), 992–997 

(2014).
 13. Ndountse, L. T. & Chan, H. M. Role of N-methyl-d-aspartate receptors in polychlorinated biphenyl mediated neurotoxicity. Toxicol. 

Lett. 184(1), 50–55 (2009).



10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:22418  | https://doi.org/10.1038/s41598-023-49835-2

www.nature.com/scientificreports/

 14. Berliocchi, L., Bano, D. & Nicotera, P.  Ca2+ signals and death programmes in neurons. Philos. Trans. R Soc. Lond. B Biol. Sci. 360, 
2255–2258 (2005).

 15. Jung, K. H. et al. Augmentation of nitrite therapy in cerebral ischemia by NMDA receptor inhibition. Biochem. Biophys. Res. Com-
mun. 378(3), 507–512 (2009).

 16. Fan, M. M. & Raymond, L. A. N-Methyl-d-aspartate (NMDA) receptor function and excitotoxicity in Huntington’s disease. Progress 
Neurobiol. 81(5–6), 272–293 (2007).

 17. BelovKirdajova, D., Kriska, J., Tureckova, J. & Anderova, M. Ischemia-triggered glutamate excitotoxicity from the perspective of 
glial cells. Front. Cell. Neurosci. 14, 51 (2020).

 18. Wang, J., Wang, F., Mai, D. & Qu, S. Molecular mechanisms of glutamate toxicity in Parkinson’s disease. Front. Neurosci. 14, 585584 
(2020).

 19. Zhang, Y., Li, P., Feng, J. & Wu, M. Dysfunction of NMDA receptors in Alzheimer’s disease. Neurol. Sci. 37(7), 1039–1047 (2016).
 20. Wu, Q. J. & Tymianski, M. Targeting NMDA receptors in stroke: New hope in neuroprotection. Mol. Brain 11(1), 1–14 (2018).
 21. Heng, M. Y., Detloff, P. J., Wang, P. L., Tsien, J. Z. & Albin, R. L. In vivo evidence for NMDA receptor-mediated excitotoxicity in a 

murine genetic model of Huntington disease. J. Neurosci. 29(10), 3200–3205 (2009).
 22. Chandran, R. et al. Cellular calcium signaling in the aging brain. J. Chem. Neuroanatomy 95, 95–114 (2019).
 23. Karakas, E., Simorowski, N. & Furukawa, H. Subunit arrangement and phenylethanolamine binding in GluN1/GluN2B NMDA 

receptors. Nature 475(7355), 249–253 (2011).
 24. Hansen, K. B., Furukawa, H. & Traynelis, S. F. Control of assembly and function of glutamate receptors by the amino-terminal 

domain. Mol. Pharmacol. 78(4), 535–549 (2010).
 25. Karakas, E., Simorowski, N. & Furukawa, H. Structure of the zinc-bound amino-terminal domain of the NMDA receptor NR2B 

subunit. EMBO J. 28(24), 3910–3920 (2009).
 26. Remya, C., Dileep, K. V., Variyar, E. J., Omkumar, R. V. & Sadasivan, C. Lobeline: A multifunctional alkaloid modulates cholinergic 

and glutamatergic activities. IUBMB Life 75(10), 844–855 (2023).
 27. Kaczmarek, F. & Steinegger, E. Paper chromatographic separation of the alkaloids of Lobelia inflata from lobinaline, the main 

alkaloid of Lobelia cardinalis. Pharmaceutica Acta Helvetiae 34, 330–333 (1959).
 28. Glover, E. D. et al. A multicenter phase 3 trial of lobeline sulfate for smoking cessation. Am. J. Health Behav. 34(1), 101–109 (2010).
 29. Stead, L.F. & Hughes, J.R. (2012). Lobeline for smoking cessation. Cochrane Database Syst. Rev. (2).
 30. Brioni, J. D., O’Neill, A. B., Kim, D. J. & Decker, M. W. Nicotinic receptor agonists exhibit anxiolytic-like effects on the elevated 

plus-maze test. Eur. J. Pharmacol. 238(1), 1–8 (1993).
 31. Roni, M. A. & Rahman, S. Antidepressant-like effects of lobeline in mice: Behavioral, neurochemical, and neuroendocrine evidence. 

Progress Neuro-Psychopharmacol. Biol. Psychiatry 41, 44–51 (2013).
 32. Roni, M. A. & Rahman, S. The effects of lobeline on depression-like behavior and hippocampal cell proliferation following chronic 

stress in mice. Neurosci. Lett. 584, 7–11 (2015).
 33. Bell, R. L., Eiler, B. J. II., Cook, J. B. & Rahman, S. Nicotinic receptor ligands reduce ethanol intake by high alcohol–drinking 

HAD-2 rats. Alcohol 43(8), 581–592 (2009).
 34. Hart, N., Rocha, A., Miller, D. K. & Nation, J. R. Dose-dependent attenuation of heroin self-administration with lobeline. J. Psy-

chopharmacol. 24(1), 51–55 (2010).
 35. Li, C. Y., Zhao, L. M., Shi, X. W. & Zhang, J. D. Lobeline shows protective effects against MPTP-induced dopaminergic neuron 

death and attenuates behavior deficits in animals. Exp. Therap. Med. 7(2), 375–378 (2014).
 36. Sastry, G. M., Dixon, S. L. & Sherman, W. Rapid shape-based ligand alignment and virtual screening method based on atom/

feature-pair similarities and volume overlap scoring. J. Chem. Inform. Model. 51(10), 2455–2466 (2011).
 37. Harder, E. et al. OPLS3: A force field providing broad coverage of drug-like small molecules and proteins. J. Chem. Theory Comput. 

12(1), 281–296 (2015).
 38 Zoete, V., Daina, A., Bovigny, C. & Michielin, O. SwissSimilarity: A web tool for low to ultra high throughput ligand-based virtual 

screening. J. Chem. Inf. Model. 56(8), 1399 (2016).
 39 Bragina, M. E., Daina, A., Perez, M. A. S., Michielin, O. & Zoete, V. SwissSimilarity 2021 web tool: Novel chemical libraries and 

additional methods for an enhanced ligand-based virtual screening experience. Int. J. Mol. Sci. 23(2), 811 (2022).
 40. Perin-Dureau, F., Rachline, J., Neyton, J. & Paoletti, P. Mapping the binding site of the neuroprotectant ifenprodil on NMDA 

receptors. J. Neurosci. 22(14), 5955–5965 (2002).
 41. Shelley, J. C. et al. Epik: A software program for pK a prediction and protonation state generation for drug-like molecules. J. 

Computer-Aided Mol. Design 21, 681–691 (2007).
 42. MadhaviSastry, G., Adzhigirey, M., Day, T., Annabhimoju, R. & Sherman, W. Protein and ligand preparation: Parameters, protocols, 

and influence on virtual screening enrichments. J. Computer-Aided Mol. Design 27, 221–234 (2013).
 43. Friesner, R. A. et al. Extra precision glide: Docking and scoring incorporating a model of hydrophobic enclosure for protein–ligand 

complexes. J. Med. Chem. 49(21), 6177–6196 (2006).
 44. Bowers, K.J., Chow, E., Xu, H., Dror, R.O., Eastwood, M.P., Gregersen, B.A., Klepeis, J.L., Kolossvary, I., Moraes, M.A., Sacerdoti, 

F.D. & Salmon, J.K. Scalable algorithms for molecular dynamics simulations on commodity clusters. in Proceedings of the 2006 
ACM/IEEE Conference on Supercomputing (pp. 84-es) (2006).

 45. Hansen, K. B. et al. Structure, function, and allosteric modulation of NMDA receptors. J. General Physiol. 150(8), 1081–1105 
(2018).

 46. Regan, M. C., Romero-Hernandez, A. & Furukawa, H. A structural biology perspective on NMDA receptor pharmacology and 
function. Curr. Opin. Struct. Biol. 33, 68–75 (2015).

 47. Hanson, J.E., Yuan, H., Perszyk, R.E., Banke, T.G., Xing, H., Tsai, M.C., Menniti, F.S. & Traynelis, S.F. Therapeutic potential of 
N-methyl-d-aspartate receptor modulators in psychiatry. Neuropsychopharmacology. 1–16 (2023).

Acknowledgements
C.R. gratefully acknowledges the financial support from DBT-RA programme in Biotechnology and Life Sciences 
and Nava Kerala post-doctoral fellowship. The authors acknowledge the Spices Board, Ministry of Commerce & 
Industry, Govt. of India (MKT-PD&R/0003/2021-MARKETING) for the research grant.

Author contributions
C.R.: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, writing original 
draft, writing-review and editing. E.J.V.: Supervision, Writing-review and editing. R.V.O.: Conceptualization, 
Supervision, Writing-review and editing C.S.: Conceptualization, Supervision, Writing-review and editing. 
K.V.D.: Conceptualization, Formal analysis, Funding acquisition, Project administration, Resources, Supervi-
sion, Validation, Writing-review and editing.



11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:22418  | https://doi.org/10.1038/s41598-023-49835-2

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 49835-2.

Correspondence and requests for materials should be addressed to K.V.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-49835-2
https://doi.org/10.1038/s41598-023-49835-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Unveiling the molecular basis of lobeline’s allosteric regulation of NMDAR: insights from molecular modeling
	Materials and methods
	Assessment of shape and chemical similarity of lobeline with ifenprodil
	Computational designing of putative lobeline derivatives
	Binding studies of lobeline and its derivatives with NMDAR
	Molecular dynamics simulation
	Residue decomposition analysis and in silico site directed mutagenesis

	Results and discussions
	Lobeline binds to the heterodimer inter-subunit interface at the ATD of NMDAR similar to ifenprodil
	Charged and polar residues play an important role in lobeline binding
	Structure guided modification on lobeline improved the binding stability at ATD of hetero dimer inter-subunit interface
	Intermolecular contacts were enhanced by structural modifications

	Conclusions
	References
	Acknowledgements


