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Antagonists binding at 5-HT3RAA, 5-HT3RAB and 5-HT3RAC can  
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5-hydroxytryptamine (serotonin) subtype 3 receptor (5-HT3R) is a promising target for drug addiction treatment due to its
functional role and brain distribution. However, 5-HT3R may be composed of different subunits which potentially lead to 
different ligand binding properties. This study aimed to construct an in silico model of human 5-HT3R with distinct subunit 
compositions and to investigate its binding with ligands such as nicotine, compared to 5-HT3R antagonists from both synthetic 
and natural sources. Homology models of 5-HT3RAA, 5-HT3RAB, and 5-HT3RAC were developed using the murine 5-HT3R 
crystal structure (4PIR) as a template. Docking studies with AutoDock assessed the binding properties of nicotine and several 
antagonists (ondansetron, palonosetron, 6-gingerol, and 6-shogaol) across different 5-HT3R compositions. A radioligand 
binding assay on human 5-HT3RAA characterized the binding affinities of each compound. In silico findings revealed that both 
homomeric and heteromeric receptors exhibited similar interactions with nicotine and the antagonists. Notably, nicotine, 
6-gingerol, and 6-shogaol demonstrated less favorable binding energies compared to ondansetron and palonosetron, with
nicotine showing the weakest affinity among all tested ligands in vitro. The study outcomes allow a prediction of nicotine action
on 5-HT3R as an antagonist, which can possibly be competed with other 5-HT3R antagonists from different classes.This
positions the 5-HT3R as a viable target for pharmacotherapy in smoking cessation.

Keywords: 5-hydroxytryptamine (serotonin) subtype 3 receptor, 6-gingerol, 6-shogaol, Docking study, Homology models, 
Nicotine antagonists 

Smoking is known to be a major global problem and 
has been shown to contribute to the increase in 
mortality rate due to the smoking related diseases 
such as respiratory problems, vascular diseases and 
cancer1. Currently, three pharmacological agents are 
commonly used in smoking cessation programs 
namely; nicotine replacement therapy (NRT), 
bupropion SR and varenicline2. Nicotine in NRT and 
varenicline are known to target nicotinic acetylcholine 
receptor (nAChR) while bupropion acts as a 
norepinephrine-dopamine reuptake inhibitor. 
However, there have been some side effects 
associated with these agents such as significant oral 
irritation for NRT3, seizure risk for bupropion4 and 
psychiatric problems for varenicline5. This urges a 
study on newer agents targeting new receptors to treat 
this addiction problem. 

Genetic studies have shown the association of genes 
encoding for 5-HT3R with drug dependence such as 
alcohol6,7 and nicotine8,9. Specifically for nicotine 
addiction, some associations between genes that 
coded for 5-HT3A and 5-HT3B subunits (HTR3A and 
HTR3B, respectively), and serotonin transporter 
(5-HTT) gene (SLC6A4) with nicotine dependence 
have been documented9. These genes have also been 
implicated in patients with comorbidities or multiple 
addictions like cocaine and alcohol addiction8. This 
finding is within expectation since 5-HT3RAB has been 
known to be expressed in the limbic area related to the 
neurobiology of nicotine addiction10,11. A previous 
review suggested that nicotine effects can be 
modulated by 5-HT3R antagonists such as ondansetron 
and tropisetron in in vitro, in vivo and genetic study12. 
Therefore, this study attempted to gain insight into the 
possible mechanism where 5-HT3R antagonists like 
ondansetron, palonosetron, 6-gingerol and 6-shogaol 
can potentially counteract the effect of nicotine at 5-
HT3RAA, 5-HT3RAB and 5-HT3RAC. Ondansetron 
represents the first-generation 5-HT3R antagonist 
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while palonosetron is the latest 5-HT3R antagonist 
claimed to be superior in its efficacy; 6-gingerol and 
6-shogaol are 5-HT3R antagonist compounds from a
natural source, Zingiber officinale. This study used
computational methods (homology modelling,
docking and molecular dynamics) and in vitro assay
(radioligand binding) to investigate the binding
properties of these ligands.

Materials and Methods 

Sequence alignment 
The sequence for human 5-HT3 subunit A 

(UniProtKB code: P46098), subunit B (UniProtKB 
code: O95264), subunit C (UniProtKB code: Q8WXA8) 
and template (PDB code: 4PIR) were downloaded from 
UniProtKB website13. Sequence alignment was done for 
all the sequences using the Clustal Omega software14.  

Homology modelling and validation 
The template chosen for the homology modelling is 

4PIR15which was downloaded from the Protein Data 
Bank (PDB). Based on this template, the homology 
model for 5-HT3RAA, 5-HT3RAB and 5-HT3RAC 
were built using MODELLER16, Swiss Model17and  
I-Tasser18. For heteropentamer models, AABAB and
AACAC stoichiometry were chosen based on the
previous study19. Subsequently, all the homology
models were validated by Ramachandran Plot20,
Verify3D21 and ERRAT22 whereall the model scores
were compared with the template (4PIR) score.

Docking 
Five ligands used in this study were nicotine, 

ondansetron, palonosetron, 6-gingerol and 6-shogaol 
(Fig. 1). These ligands were drawn using ChemDraw 
software and converted to 3D images using Chem3D 
software. Minimisation and short molecular dynamic 
simulation at 310K were introduced to reduce any 
steric clashes. The ligand format was changed from 
PDB to PDBQT using the AutoDock Tool. Important 

interacting residues such as ASP119, ASN123, 
THR174, THR176, TRP178, PHE221 TYR229 and 
GLU231 at principal loop together with TRP85, 
ARG87, TYR148, ASP199, SER201, VAL202, 
ASP64 and ILE66 at complementary loop were 
chosen to get the coordinate of orthosteric binding site 
by referring to the previous study23. Coordinate for 
docking procedure was used in AutoDockVina 
software24. Only ligand binding conformations with 
the most favourable binding energy were chosen for 
the binding interaction study. 

Molecular dynamic and MMPBSA analysis 

The homology models were then uploaded to the 
Orientation of Protein Membrane website to orientate 
the model according to the template with accurate 
coordinates. Next, the orientated models were 
uploaded to the Charmm-GUI website25 to prepare 
the model with 234 POPC lipids, 0.15M sodium 
chloride ions and water molecules as a complete 
system for molecular dynamic simulation (Fig. S1). 
CHARMM36m force field was chosen for this part26. 
The parameters for the simulation (potential energy, 
pressure and temperature) were observed to ensure 
that the systems are stable (Fig. S1 (A-D)). 

Molecular dynamic simulation was carried out 
using the model to observe the binding energy 
predictions. Trajectory files (TRR files) from the 
simulation were used in the MMPBSA software27to 
get the binding energy reading. These TRR files were 
converted to compressed XTC files and only 250 
frames were systematically extracted throughout the 
simulation. The findings were presented in the form 
of a line graph using the Grace software. MMPBSA 
evaluated protein and ligand binding energy in the 
solvent using the binding energy equation ΔGbinding = 
Gcomplex – (Gprotein + Gligand) which is a product of 
protein energy and ligand energy subtracted from 
complex energy28. The same method was used to run 
simulations for equilibrated models. 

Radioligand binding assay 

The radioligand binding assay was carried out by 
referring to the protocol provided by the 
manufacturer. An assay buffer of 5mLwas used to 
dilute the 0.025mL membrane (1:500 dilution). 
Radioligand [3H]-GR65630 concentrations used for 
saturation assay are 0,0.027, 0.041, 0.061, 0.092, 
0.138, 0.207, 0.310, 0.465, 0.698, 1.050, 1.570, 2.354, 
3.521, 5.297, 7.945, 11.917(nM). For non-specific 
binding, 25 mL of incubation assay was used while 

Fig. 1 — Chemical structures of (A) nicotine; (B) ondansetron;
(C) palonosetron; (D) 6-gingerol; and (E) 6-shogaol
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25 mL of 10 mM MDL72222 was used for specific 
binding. For competition binding assay, 25mL of 
competing compounds (nicotine, ondansetron, 
palonosetron and 6-gingerol) at decreasing 
concentrations (100 mM, 10 mM, 1 mM, 100 nM,  
10 nM, 1 nM, 100 pM and 10 pM) were chosen to 
compete with 1nM of radioligands. The mixture was 
incubated for 60 min at 27C. The excess solution 
was removed and ice-cold wash buffer (500 µL) was 
used to wash the grade GF/C microfibre filter paper 
presoaked with 0.05% polyethyleneimine (PEI). The 
liquid scintillation counter used is Tri-Carb 3110TR. 
The binding affinity of the competing ligands was 
calculated using the Cheng-Prusoff equation29.  
 
Results and Discussion  
 

Sequence alignment and homology modelling of human  
5-HT3RAA, 5-HT3RAB and 5-HT3RAC 

Sequence alignment showed that murine and 
human 5-HT3R subunit sequences did not differ 
significantly based on their characteristics (Fig. 2). In 
terms of length, murine 5-HT3A has 487 amino acids 
while human 5-HT3A has 478 amino acids and murine 
5-HT3B has 437 amino acids while human 5-HT3B 
has 441 amino acids30. Human 5-HT3C with 447 
residues cannot be compared with murine as rodents 
do not have subunit C31. 

Residues composition of subunits A, B and C vary 
at the regions of intracellular, extracellular, 
transmembrane and also at the ligand binding site.  
In previous reports comparing the 5-HT3RA and  
5-HT3RAB receptors, these differences were known to 
affect more on the biophysical part of the receptors 
compared to the pharmacological properties32,33. This 
suggested that the differences are most likely to 
minimally affect the ligand binding at the receptor. 
Generally, both agonist and antagonist bind at the 
interface between A subunit for both homopentamer 
and heteropentamer34. However, the number of 
serotonin needed to activate 5-HT3RAA could not be 
confirmed between 2 to 535.  

The percentage of identity matrix of the human A 
subunit (P46098) is the highest which is 86.4% 
compared to the B subunit (O95264) (43.92%) and C 
subunit (Q8WXA8) (35.59%) when comparison was 
made to the 4PIR template. This is expected because 
the 4PIR template and P46098 sequences both consist 
of subunit A only (same subunit). In our study, 4PIR 
is still being used as the template to model subunits B 
and C since there is no crystal structure for 5-HT3RAB 

and 5-HT3RAC in the PDB. Previously, most studies 
used the nAChR template36 before the discovery of 
4PIR15in which nAChR showed a lower percentage of 
the identity matrix. 

Homology models were built using MODELLER, 
Swiss Model and I-Tasser then three validation 
software namely Ramachandran Plot, Verify3D and 
also ERRAT were used to evaluate the quality of the 
homology models. Outcomes of these different 
approaches and validation strategies are provided in 
Supplementary Information (Table S2). Based on the 
satisfactory validation scores of Ramachandran Plot, 
ERRAT and also Verify3D, the 5-HT3R homology 
model built by Swiss Model approach was used for 
further 5-HT3R in silico study. Validation results for 
human 5-HT3RAB and 5-HT3RAC models showed good 
scores and were not much different from the template 
score for all three validation methods. 

Superimposed critical residues at the ligand binding 
site between the A-A interface with A-B and B-A 
interface, showed that A-A, A-B and B-A had different 
residue properties (Fig. 3A & B). Corresponding 
residues from subunit B were also located quite distant 
from the binding site. Similar observations were also 
seen for 5-HT3RAC (Fig. 3C & D). These differences 
might explain why 5-HT3R orthosteric ligands of both 
agonist and antagonist prefer to bind at the A-A 
interface only even in the heteromers 5-HT3RAB and  
5-HT3RAC

34 as this interface was consistent regardless 
of the presence of adjacent different subunits (Fig. 4). 
For downstream studies, this study utilised the 
equilibrated model for all 5-HT3R subunit 
combinations which showed better validation scores 
compared with the unequilibrated model. Comparison 
of molecular dynamics data for the equilibration is 
provided in Supplementary Information (S3).  
 
Binding energy prediction of nicotine, ondansetron, 
palonosetron, 6-gingerol and 6-shogaol at 5-HT3RAA, 5-
HT3RAB and 5-HT3RAC 

MMPBSA analysis evaluated binding energy 
throughout 10 ns molecular dynamic simulation. 
Binding energy from MMPBSA analysis was calculated 
based on electrostatic energy, Van der Waal energy and 
also solvation energy (both polar solvation energy and 
SASA energy)28. The finding showed that the binding 
energy for all ligands (nicotine, ondansetron, 
palonosetron, 6-gingerol and 6-shogaol) were not 
significantly different at 5-HT3R homopentamer and 
heteropentamer (Fig. 5). Nicotine, 6-gingerol and 6-
shogaol showed less favourable binding energy 
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compared to ondansetron and palonosetron. This finding 
is supported by a previous study that reported the 
nicotine binding at 5-HT3R is very weak37while 6-
gingerol and 6-shogaol prefer to bind at allosteric 
binding site compared to the orthosteric binding site38. 

Ondansetron and palonosetron, being the 5-HT3R 
conventional antagonists, showed very favorable 
binding energy at the orthosteric site of 5-HT3R. This 
binding favorability was mostly contributed by 
electrostatic energy among others. Although in this 

 
 

Fig. 2 — Sequence alignment of 4PIR, P46098, O95264 and Q8WXA8. Red line showed extracellular region while blue line referred to
intracellular region. Residues from transmembrane 1, 2, 3 and 4 were coloured red, yellow, green and chocolate respectively while critical 
residues at the ligand binding site were blue-coloured 
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prediction, ondansetron and palonosetron seem to 
have a very small difference most likely due to the 
model quality, previous study documented that 
palonosetron antagonises 5-HT3R with very high 
affinity compared to ondansetron39.  
 
Interacting residues of 5-HT3R and ligands 

For the ligand interaction study, the last frame of 
the ligand and receptor were extracted from the 
simulation in order to analyse and compare the 
residue interactions for all ligands (nicotine, 

ondansetron, palonosetron, 6-gingerol and 6-shogaol) 
at 5-HT3RAA, 5-HT3RAB and 5-HT3RAC. The findings 
are summarised in (Table 1).  

Eight residues showed important interactions with 
nicotine; TRP85, TYR86, ARG87, ASN123, 
TYR148, SER177, TRP178 and TYR229. Some of 
these residues were also shown to interact with other 
ligands. For example, ondansetron interacted with 
TRP85, ARG87, ASN123, TYR148, SER177 and 
TRP178, palonosetron interacted with TRP85, 
ARG87, ASN123, TYR148 and TRP178, 6-gingerol 
interacted with TRP85, TYR86, ARG87, ASN123, 
TYR148, SER177 and TRP178 and 6-shogaol 
interacted with TRP85, ARG87, ASN123, SER177 
and TRP178. This binding interaction analysis 
showed that nicotine also shared binding residues 
with other 5-HT3R ligands, despite weaker binding 
energy as previously described. 

The binding conformation of the ligands at  
5-HT3RAA, 5-HT3RAB and 5-HT3RAC were then 
superimposed to observe the binding favourability of 
the ligand at the binding site. For example, the 
binding conformations of ondansetron and 
palonosetron at all 5-HT3R are very close to each 
other suggesting stable binding (Fig. 6B & C). At 5-
HT3RAC, the tricyclic ring of ondansetron was facing 
slightly backwards compared to other binding 
conformation. Palonosetron binding conformation at 
5-HT3RAA has quinuclidine ring facing just slightly 
frontwards and at 5-HT3RAB its tricyclic ring was a bit 
upwards. On the other hand, different binding 
conformation seen with nicotine, 6-gingerol and  
6-shogaol suggesting unstable binding (Fig. 6A, D & 
E). Pyrrolidine ring of nicotine was facing left for  
5-HT3RAA, right for 5-HT3RAC and upwards for  
5-HT3RAB. This finding is slightly different from what 
has been reported by previous study where consistent 
binding conformation has been reported at nAChR 
and AChBP40,41.  

Furthermore, ligand RMSD values were observed 
to determine the binding stability throughout the 
simulation (Fig. 7A-C). This finding showed that  
the most unstable ligands at 5-HT3R binding sites 
were 6-gingerol and 6-shogaol. At 5-HT3RAA binding 
site, 6-gingerol and 6-shogaol didn’t achieve stability 
even after 10 ns. At 5-HT3RAB, 6-gingerol took 
around 8 ns to be stable while 6-shogaol needed 3 ns. 
This was somewhat expected since 6-gingerol and  
6-shogaol were known to bind and antagonise  
5-HT3R  but  these  two  ligands were said to prefer to  

 
 
Fig. 3 — Critical residues at A-A interfaces superimposed
with corresponding residues at (A) B-A, (B) A-B; (C) A-C; and
(D) C-A interfaces 
 

 
 
Fig. 4 — Critical residues at A-A interfaces from 5-HT3RAA, 
5-HT3RAB and 5-HT3RAC (orange-coloured) were superimposed
with critical residues at A-A interface from 4PIR (green-coloured) 
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Fig. 5 — MMPBSA analysis summary result for equilibrated receptors (A) 5-HT3RAA; (B) 5-HT3RAB; and (C) 5-HT3RAC 
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Table 1 — Interacting residues of different ligands at 5-HT3RAA, 
5-HT3RAB and 5-HT3RAC 

Interacting 
residues 

Ligands 5-HT3RAA 5-HT3RAB 5-HT3RAC 

ILE66 ondansetron / / nil 
palonosetron / / / 
6-gingerol nil nil nil 
6-shogaol / nil nil 
nicotine nil nil nil 

TRP85 ondansetron nil nil nil 
palonosetron nil / / 
6-gingerol nil nil / 
6-shogaol / / nil 
nicotine / nil / 

ARG87 ondansetron / / / 
palonosetron / / nil 
6-gingerol nil / / 
6-shogaol / nil nil 
nicotine nil nil nil 

ASN123 ondansetron nil nil / 
palonosetron / / / 
6-gingerol nil / nil 
6-shogaol nil / / 
nicotine / nil nil 

TYR148 ondansetron nil nil / 
palonosetron nil / nil 
6-gingerol / nil nil 
6-shogaol nil nil nil 
nicotine / / nil 

TRP178 ondansetron nil / nil 
palonosetron nil nil / 
6-gingerol / / / 
6-shogaol nil / / 
nicotine / / nil 

VAL202 ondansetron / nil nil 
palonosetron nil nil / 
6-gingerol nil nil nil 
6-shogaol / nil nil 
nicotine nil nil nil 

    
(Contd.)

 

Table 1 — Interacting residues of different ligands at 5-HT3RAA, 
5-HT3RAB and 5-HT3RAC(Contd.) 

Interacting 
residues 

Ligands 5-HT3RAA 5-HT3RAB 5-HT3RAC 

SER177 ondansetron nil / / 
palonosetron nil nil nil 
6-gingerol nil nil / 
6-shogaol nil / nil 
nicotine nil / nil 

MET223 ondansetron nil / / 
palonosetron / nil / 
6-gingerol / nil nil 
6-shogaol nil nil / 
nicotine nil nil nil 

GLU231 ondansetron / / / 
palonosetron / / nil 
6-gingerol nil / nil 
6-shogaol / nil / 
nicotine nil nil nil 

PHE221 ondansetron nil / nil 
palonosetron nil nil nil 
6-gingerol nil / nil 
6-shogaol / nil / 
nicotine nil nil nil 

HR176 ondansetron nil / / 
palonosetron nil nil nil 
6-gingerol nil nil / 
6-shogaol nil nil nil 
nicotine nil nil nil 

TYR86 ondansetron nil nil nil 
palonosetron nil nil nil 
6-gingerol nil nil / 
6-shogaol nil nil nil 
nicotine nil nil / 

PRO150 ondansetron nil nil / 
GLU224 palonosetron nil / nil 
ARG87 nicotine nil / / 
TYR229 nicotine / / / 

*(/) mark signifies interaction present between a particular amino 
acid in the receptor and a particular ligand. 
**(nil) signify absence of interaction between a particular amino 
acid in the receptor and a particular ligand. 
 

 
Fig. 6. Binding conformations of (A) nicotine; (B) ondansetron; (C) palonosetron; (D) 6-gingerol; and (E) 6-shogaol at 5-HT3RAA (green), 
5-HT3RAB (blue) and 5-HT3RAC (red) 
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bind at the allosteric site compared to the orthosteric 
site38. At orthosteric binding site, aliphatic chain of  
6-gingerol and 6-shogaol are expected to move a lot 
and unable to obtain a stable binding conformation.  
If further explanation on the binding properties of  
6-gingerol and 6-shogaol is needed, visual 
conformation needed to be observed to extract the 
conformation at specific frame. Ondansetron on the 
other hand, throughout 10 ns its conformation 
changes very little to the more stable conformation 
with slight difference between the different receptor 
compositions i.e. 6ns at 5-HT3RAA, 8ns at 5-HT3RAB 
and 9ns at 5-HT3RAC. In contrast, palonosetron and 
nicotine are very much stable along 10 ns with very 
minor RMSD value fluctuation.  

Ligand RMSD of 5-HT3RAA, 5-HT3RAB and 5-
HT3RAC were analysed to obtain the information 
regarding the receptor stability throughout the 
molecular dynamic simulation (Fig. 8A-C). RMSD of 
the receptor showed that different 5-HT3R subunit 
such as A, B and C subunit influenced the stability of 
the receptor bound by the ligand once simulated using 
10 ns molecular dynamic. It was obvious that 5-
HT3RAA and 5-HT3RAC systems bound by ligands 
became stable easily in less than 2ns while 5-HT3R 
consisted of subunit B, needed more time to be  stable  

 
 
Fig. 9 — Radioligand competition binding assay usingmembrane 
expressing human 5-HT3RA 
 

especially when bound to ondansetron, palonosetron 
and 6-shogaol. Overall, this showed that incorporation 
of subunit B but not C to form 5-HT3R 
heteropentamer affect the stability of the receptor in 
molecular dynamic simulation, possibly the reason of 
different pharmacological properties observed of  
5-HT3R homopentamer and heteropentamer32.  
 
Binding affinity of 5-HT3R ligands on 5-HT3A receptor 

Radioligand binding assay on membrane 
expressing human 5-HT3RA indicated binding affinity 
properties and values of nicotine and 5-HT3R 
antagonists as shown in (Fig. 9 and Table 2). Initial 

 
Fig. 7 — RMSD of ligands at (A) 5-HT3RAA; (B) 5-HT3RAB; and (C) 5-HT3RAC 

 

 
Fig. 8 — RMSD of different 5-HT3R bound with ligands (A) 5-HT3RAA; (B) 5-HT3RAB; and (C) 5-HT3RAC 
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saturation assay produced Kd and Bmax values of  
0.69 nM and 7679CPM (Fig. S4 and Table S4), 
respectively which conformed to the previously 
established reference control42.  

This finding suggested that nicotine competitively 
antagonise 5-HT3R attheorthosteric binding site in 
agreement with the previous study43,44 since at higher 
nicotine concentrations, the amount of bound 
radioligand was shown to be reduced. This is 
supported by another study where nicotine has been 
characterised to bind weakly at 5-HT3R compared 
with other ligands37. Ki constant value of nicotine also 
was the highest compared to the ondansetron, 
palonosetron and 6-gingerol.  

Palonosetron was shown to have the lowest Ki 
value at 0.57nM supporting that palonosetron is a 
very potent 5-HT3R antagonist as reported by 
previous studies33,39 followed by ondansetron, 
although a more recent study reported ondansetron 
inhibits 5-HT3A receptor at 10-fold lower 
concentration than palonosetron45. On the other hand, 
6-gingerol was known to bind allosterically38. 
Interestingly, in this study, 6-gingerol bound at the 5-
HT3R orthosteric site better than nicotine. 

In summary, this study establishes a reliable 
homology model for the human 5-HT3R using the 
4PIR template. Our findings indicate that nicotine 
interacts with critical residues at the 5-HT3R binding 
site but exhibits a weaker binding affinity compared 
to palonosetron and ondansetron. This is supported by 
the radioligand binding assay and MMPBSA analysis, 
which suggests that nicotine's low binding energy 
allows for potential displacement by ondansetron, 
palonosetron, 6-gingerol, and 6-shogaol. These results 
are relevant for both homomeric 5-HT3RA and 
heteromeric receptors (5-HT3RAB and 5-HT3RAC). 
Thus, one proposed mechanism for 5-HT3R 
antagonists in modulating nicotine effects is through 
competitive displacement at the receptor site. Future 
research may also investigate the allosteric influence 
of 6-gingerol and 6-shogaol on nicotine binding. 
Overall, this study underscores the potential of  
5-HT3R antagonists as alternative treatments for 
nicotine dependence. 
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