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monomers self-assemble into T = 3 icosahedral particles that 
encapsidate two positive-sense, single-stranded RNA mol-
ecules comprising the viral genome [1]. The abundance of 
different oligomeric forms of the capsid proteins in infected 
prawn cells presents a promising target for the development 
of effective diagnostic and therapeutic strategies for dis-
ease detection and treatment. Aptamer-based diagnostic and 
therapeutic interventions targeting the viral capsid protein 
has been shown promising in various viral infections [2–5].

Aptamers are short, single-stranded oligonucleotides that 
can selectively bind to specific molecular targets. Aptam-
ers are selected through Systematic Evolution of Ligands by 
EXponential enrichment (SELEX), have gained significant 
attention for their diverse applications in both therapeutics 
and diagnostics [6–9]. Despite their promising applica-
tions, the structural basis of aptamer binding and interac-
tion with target molecules remains a challenging aspect of 
aptamer-based research. In previous study, SELEX was per-
formed using monomeric recombinant MrNV capsid pro-
tein as the target, leading to the identification of a ssDNA 
aptamer (APT-MrNV-CP-1) [10]. Further optimization of 
the aptamer-protein binding affinity revealed that the trun-
cation to remove non-essential region of the aptamer further 

Introduction

Macrobrachium rosenbergii nodavirus (MrNV) is the caus-
ative agent of White Tail Disease (WTD), a severe viral 
infection that significantly affects the giant freshwater prawn 
aquaculture. The virus belongs to the Nodaviridae family. It 
forms non-enveloped, icosahedral virions with a diameter 
of approximately 27 nm. The viral structural protein com-
posed of a single capsid protein of 43 kDa, which under-
goes autocatalytic cleavage to produce a smaller 37  kDa 
mature protein responsible for viral particle assembly. 
During infection, MrNV capsid proteins accumulate in the 
cytoplasm of infected prawn cells, where the capsid protein 
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Abstract
Macrobrachium rosenbergii nodavirus is a major viral pathogen responsible for white tail disease in giant freshwater prawn 
aquaculture, leading to significant economic losses. In this study, a truncated DNA aptamer, TrAptm-1 was investigated 
for its binding properties against both monomeric and trimeric forms of the MrNV capsid proteins. Molecular dynamics 
simulations coupled with MM/PBSA binding free energy calculations revealed that TrAptm-1 exhibited a higher binding 
affinity to the trimeric capsid protein (-153.95 ± 6.74  kcal/mol) compared to the monomeric form (-120.77 ± 2.46  kcal/
mol). TrAptm-1 binding induced significant conformational changes and structural rearrangements in the capsid protein, 
highlighted the antiviral potential of TrAptm-1 to interfere with the capsid protein self-assembly process. The observed 
structural changes demonstrated the importance of the oligomeric state in aptamer-capsid protein interactions, emphasizing 
that extended simulations up-to microseconds are required to capture the slow conformational rearrangements characteris-
tic of large oligomeric protein complexes. These findings provide a molecular basis for the development of aptamer-based 
antiviral strategies, and the design of biosensor for early detection of MrNV in aquaculture settings.
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increased its binding affinity to the MrNV capsid protein 
[11]. A conserved stem-loop has been observed in the trun-
cated aptamer compared to the full-length APT-MrNV-CP-1, 
suggesting its crucial role in aptamer-protein binding inter-
actions. Although the experimental studies have confirmed 
the binding potential of the truncated aptamer, the structural 
and dynamic interactions between the aptamer and the dif-
ferent oligomeric forms of the viral capsid protein remain 
unexplored. Therefore, understanding the binding dynamics 
and mechanisms of the aptamer-capsid protein interactions 
is critical for optimizing the aptamer’s functionality and 
therapeutic potential.

In this study, computational approach utilizing molecu-
lar dynamics simulations was employed to investigate the 
binding interactions between the truncated aptamer and dif-
ferent oligomeric forms of the MrNV capsid protein. MD 
simulations provide predictive insights into the structural 
and dynamic behavior of aptamer-protein interactions at 
the atomic level [12, 13]. The systems were simulated over 
a 1000 ns timescale to compare the biophysical properties 
of the aptamer-protein complexes. These findings offer a 
deeper understanding of how the oligomeric form of the 
viral capsid protein affects the aptamer recognition and 
binding affinity, with potential implications for the ratio-
nal design of aptamer-based antiviral therapeutics and the 
development of effective viral detection strategies.

Methodology

Ligand preparation and molecular docking

The secondary structure of the truncated aptamer was pre-
dicted using UNAFold webserver (​h​t​t​p​​:​/​/​​w​w​w​.​​u​n​​a​f​o​​l​d​.​o​​r​g​
/​​m​f​o​​l​d​/​​a​p​p​​l​i​c​a​​t​i​​o​n​s​​/​d​n​a​​-​f​o​​l​d​i​​n​g​-​f​o​r​m​.​p​h​p). Based on this 
secondary structure, the three-dimensional structure of 
the truncated aptamer was then constructed using 3dRNA 
web tool (​h​t​t​p​​:​/​/​​b​i​o​p​​h​y​​.​h​u​​s​t​.​e​​d​u​.​​c​n​/​​n​e​w​/​3​d​R​N​A). Prior 
to molecular docking, the structure was refined by add-
ing hydrogen atoms. Molecular docking was performed 
using HDOCK (​h​t​t​p​​:​/​/​​h​d​o​c​​k​.​​p​h​y​s​.​h​u​s​t​.​e​d​u​.​c​n​/), where the 
refined 3D aptamer structure was used as the ligand and the 
MrNV capsid protein (PDB ID: 6H2B) was designated as 
the target. The aptamer-viral capsid protein complex with 
the most stable predicted binding interactions based on the 
docking energy score, was selected for subsequent molecu-
lar dynamics simulations.

System preparation for molecular dynamics 
simulations

Molecular dynamics simulations were performed using 
GROMACS [14, 15], with the CHARMM36 force field 
applied to simulate molecular interactions [16]. The initial 
atomic coordinates obtained from molecular docking were 
further refined using CHARMM-GUI [17], and the sys-
tem was neutralized with counterions as needed. The final 
solvated and neutralized systems contained approximately 
221,984 atoms for the monomeric MrNV capsid protein-
aptamer complex and 606,104 atoms for the trimeric MrNV 
capsid protein-aptamer complex, including the solute (pro-
tein and aptamer), water molecules, and counterions. Energy 
minimization was performed using the steepest descent 
algorithm for 50,000 iterations to ensure steric conflict 
resolution and structural stability [18]. During this phase, 
no temperature or pressure coupling was applied. Subse-
quently, the system underwent equilibration in two succes-
sive phases: NVT equilibration (constant Number, Volume, 
and Temperature), where the system was equilibrated at 
300  K using the velocity-rescale (v-scale) thermostat to 
stabilize temperature [19]; and NPT equilibration (constant 
Number, Pressure, and Temperature), where the system 
was equilibrated at 1  bar utilizing the Berendsen barostat 
to ensure proper system density and pressure stabilization. 
Each equilibration phase was performed with a time step of 
1 fs (0.001 ps) for 125,000 steps to allow solvent molecules 
to reach equilibrium.

Production molecular dynamics simulations

Following equilibration, the system was subjected to pro-
duction molecular dynamics simulation under NPT ensem-
ble conditions for a duration of 1 µs (1,000 ns), with a time 
step of 2 femtoseconds (0.002 picoseconds). The v-rescale 
thermostat was applied to maintain a stable temperature, 
while the C-rescale barostat was applied to regulate pres-
sure at 1 bar. The Particle Mesh Ewald (PME) method was 
used to compute long-range electrostatic interactions, while 
van der Waals interactions were calculated with a 1.2 nm 
cutoff. The LINCS algorithm was employed to constrain 
bond lengths, facilitating the utilization of a bigger time step 
in the simulation.

Binding free energy calculations using MM/PBSA 
approach

The binding free energy of the aptamer-MrNV capsid pro-
tein complex was estimated using the Molecular Mechan-
ics Poisson-Boltzmann Surface Area (MM/PBSA) method, 
implemented via gmx_MMPBSA [20]. A total of 1000 
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snapshots were extracted at 1 ns intervals from the 1000 
ns production MD trajectory to ensure statistically robust 
and representative sampling. Energy calculations were 
performed using the FF99SB force field, and solvation 
effects were modeled using the Poisson–Boltzmann (PB) 
approach. The solute and solvent dielectric constants were 
set to 1.0 and 80.0, respectively. Nonpolar solvation con-
tributions were computed using a surface tension model 
with surften = 0.0072 and surfresc = 0.00. A single-trajectory 
approach was used for consistency across the complex, pro-
tein, and aptamer components. The binding free energy was 
calculated using the following equation:

∆ Gbinding = Gcomplex − (Greceptor + Gligand)

Where:
Gcomplex = free energy of the bound aptamer-protein 

complex;
Greceptor = free energy of the unbound viral capsid 

protein;
Gligand = free energy of the unbound aptamer.
Further decomposition of the binding free energy 

was performed to evaluate contributions from molecular 
mechanics and solvation effects:

∆ Gbinding = (∆ EvdW + ∆ Eelec) + (∆ Gpolar + ∆ Gnonpolar)

Where:
∆ EvdW  = van der Waals interaction energy;
∆ Eelec = electrostatic interaction energy;
∆ Gpolar = polar solvation free energy;
∆ Gnonpolar = non-polar solvation free energy;

Results

Molecular docking analysis of the TrAptm-1 aptamer 
with monomeric and trimeric MrNV capsid proteins

Molecular docking was performed to predict the best docked 
position of the TrAptm-1 aptamer with the monomeric 
and trimeric MrNV capsid proteins. The docking results 
revealed that the aptamer interacts with both the protrud-
ing (P) domain and the shell (S) domain of the viral capsid 
protein in both structural forms (Fig. 1).

The aptamer demonstrated a slightly stronger binding 
affinity for the monomeric capsid protein, as indicated by 
the more negative docking score (-314.49) compared to the 
trimeric capsid protein (-308.93) (Table 1). Both complexes 
exhibited high confidence scores (> 0.7), implying a strong 
likelihood of binding. However, the higher ligand RMSD in 
the trimeric complex indicates greater structural deviation 
of the aptamer in the docked model relative to its input con-
formation. Both complexes were subsequently subjected to 
a 1000-ns molecular dynamics simulation to evaluate their 
structural stability and binding dynamics.

Table 1  Molecular docking of the TrAptm-1 aptamer with monomeric 
and trimeric MrNV capsid proteins

Monomeric
MrNV capsid protein

Trimeric
MrNV capsid protein

Docking Score -314.49 -308.93
Confidence Score 0.9641 0.9600
Ligand RMSD (Å) 0.21 66.01

Fig. 1  Molecular docking of the truncated aptamer with (a) monomeric 
and (b) trimeric MrNV capsid proteins. The aptamer exhibited binding 
that extends across the protruding (P) domain to the shell (S) domain, 

suggesting a continuous interaction spanning both domains of the viral 
capsid protein
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beyond 300 ns, suggesting early structural adjustments 
before reaching equilibrium. In contrast, the aptamer-mono-
meric capsid protein complex maintained a relatively stable 
RMSD throughout the simulation. Similarly, the aptamer-
trimeric capsid protein complex exhibited higher RMSF 
values than the aptamer-monomeric capsid protein complex 
(Fig. 2b), indicating greater local flexibility in specific resi-
due regions - residue 250–371 (P domain). In contrast, the 
lower RMSF observed in the aptamer-monomeric capsid 
protein complex reflecting a more rigid and stable structure.

The radius of gyration (Rg) analysis was conducted to 
evaluate the overall compactness of the aptamer-monomeric 
and aptamer-trimeric capsid protein complexes through-
out the simulation. The results indicate that the aptamer-
monomeric capsid protein complex initially adopts a more 
expanded conformation (0 to 50 ns) before gradually 

Molecular dynamics simulation of the TrAptm-1 
aptamer with monomeric and trimeric MrNV capsid 
proteins

Molecular dynamics simulations of the TrAptm-1 aptamer 
in complex with monomeric and trimeric capsid proteins 
were analyzed using Root Mean Square Deviation (RMSD) 
and Root Mean Square Deviation (RMSF) to examine the 
structural stability and conformational dynamics over the 
1000 ns simulation. The aptamer-trimeric capsid protein 
complex showed higher RMSD values (approximately 
1.2–1.5  nm) compared to the aptamer-monomeric capsid 
protein complex (approximately 0.5–0.7  nm) (Fig.  2a), 
indicating higher structural flexibility. Notably, the RMSD 
of the aptamer-trimeric capsid protein complex fluctuated 
significantly during the initial 0 to 300 ns before stabilizing 

Fig. 2  Root Mean Square Devia-
tion (RMSD) (a) and Root Mean 
Square Fluctuation (RMSF) (b) 
of the TrAptm-1 aptamer in com-
plex with monomeric (blue line) 
and trimeric (red line) capsid 
protein
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simulation, indicating no significant unfolding or dissocia-
tion. However, higher SASA fluctuations were observed in 
the aptamer-trimeric capsid protein complex during the ini-
tial 0–300 ns before stabilizing beyond 300 ns, suggesting 
early structural adjustments before reaching equilibrium.

The number of hydrogen bonds between the TrAptm-1 
aptamer and the trimeric capsid protein increased from 
10 to 30 to 25–40 after 500 ns of simulation (Fig. 5), sug-
gesting that the aptamer adapted to a more complex bind-
ing interface and achieved stabilization. In contrast, the 
hydrogen bonds formed between the TrAptm-1 aptamer 
and the monomeric capsid protein remain relatively stable 
(~ 15–30) throughout the simulation, indicating a more con-
sistent interaction pattern.

The structural variations were analyzed using Princi-
pal Component Analysis (PCA) to examine the conforma-
tional changes and overall flexibility of both the complexes 
(Fig. 6). The PCA results showed a relatively smaller spread 
of data points along PC1 and PC2 for the TrAptm-1 aptamer 
in complex with the monomeric capsid protein (Fig.  6a) 
compared to its complex with the trimeric capsid protein 
(Fig. 6b). This suggests that the aptamer-monomer complex 
exhibited restricted movement, resulting in fewer confor-
mational variations. In contrast, the aptamer-trimeric capsid 
protein complex showed greater conformational fluctua-
tions, as indicated by the dispersed data points in the PCA 
plot. This implies a more diverse range of binding interac-
tions and overall structural rearrangements in aptamer-tri-
meric capsid protein complex.

Structural snapshots at 10 ns, 100 ns, 500 ns, and 900 ns 
were captured to visualize the progressive conformational 
changes in the TrApt-1 aptamer and its interactions with 
both the monomeric (Fig.  7) and trimeric (Fig.  8) capsid 
proteins. Over the selected trajectory time points, significant 
structural rearrangements were observed in the aptamer, 

stabilizing (Fig.  3). In contrast, the aptamer-trimeric CP 
complex maintains a higher Rg and only stabilizes after 
approximately 250 ns, reflecting a more extended and 
dynamic structural arrangement over a prolonged period 
before achieving stability.

The binding interactions between the TrAptm-1 aptamer 
and the monomeric and trimeric forms of the MrNV cap-
sid protein were assessed using Solvent-Accessible Surface 
Area (SASA) analysis. The solvent-exposed surface area of 
the complexes was measured to identify interaction sites by 
evaluating changes in accessibility upon binding. A lower 
SASA was recorded for the aptamer-monomeric capsid pro-
tein complex (approximately 150–200 nm2) (Fig. 4), sug-
gesting a more compact interaction with reduced solvent 
exposure. In contrast, the aptamer-trimeric capsid protein 
complex showed a higher SASA (approximately 450–500 
nm2), likely due to the larger size of the trimeric capsid 
protein. Despite this difference, both complexes main-
tained relatively stable SASA values throughout the 1000 ns 

Fig. 5  Hydrogen bond analysis of the TrAptm-1 aptamer-capsid pro-
tein complexes. The number of hydrogen bonds formed between the 
aptamer and monomeric capsid protein (blue line) and trimeric capsid 
protein (red line) were monitored throughout the 1000 ns simulation

 

Fig. 4  Comparison of Solvent Accessible Surface Area (SASA) for the 
TrAptm-1 aptamer in complex with monomeric capsid protein (blue 
line) and trimeric capsid protein (red line) over 1000 ns simulation 
time

 

Fig. 3  Radius of gyration (Rg) of the TrAptm-1 aptamer in complex 
with monomeric (blue line) and trimeric (red line) capsid protein over 
a 1000 ns simulation
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and stronger interactions with the trimeric form of the cap-
sid protein.

Discussion

The present study expands on previously validated aptamer-
based detection platform targeting the Macrobrachium 
rosenbergii nodavirus (MrNV) capsid protein. In earlier 
studies, high-affinity aptamers capable of specific binding 
to the MrNV capsid protein were successfully identified and 
characterized, demonstrated potential for aptamer-based 
biosensing applications [10]. Furthermore, strategic trunca-
tion of the lead aptamer candidate was found to enhance 
its binding affinity, as confirmed through in vitro binding 
assay [11]. These findings established a solid experimen-
tal foundation for the current computational investigation. 
In this study, the aptamer’s secondary structure was first 
predicted using UNAFold, and subsequently used to con-
struct the 3D structure using 3dRNA, a widely-adopted and 
well-validated tool for RNA structural modeling. This two-
step approach was employed to mitigate the inherent chal-
lenges associated with RNA 3D structure prediction, which 
remain difficult due to the molecule’s high conformational 
flexibility. Notably, 3dRNA has demonstrated strong perfor-
mance in benchmark assessments and is capable of generat-
ing biologically plausible models guided by experimentally 
informed secondary structures.

Long-timescale molecular dynamics (MD) simulations 
(1 µs) was employed in this study to explore the conforma-
tional dynamics and domain-specific interactions between 
the truncated aptamer, TrAptm-1 and the MrNV capsid 
protein. These atomistic-level insights are not easily acces-
sible through experimental methods alone but are critical 

suggesting a potential optimization of its binding interface 
with the capsid proteins.

Notably, the protruding (P) domains, which were dis-
tinctly separated at an earlier time point (Figs. 8a and 9 ns; 
green and yellow P domains), progressively shifted closer 
together over time (Figs. 8a and 100 ns, 500 ns, 900 ns). 
Additionally, the third P domain (beige) shifted toward the 
shell (S) domain (Fig. 8c). These structural rearrangements 
suggested increased interactions between the domains, indi-
cating surface contact that may contribute to the overall 
stabilization of the aptamer-protein complex. Further anal-
ysis of hydrogen bond (H-bond) interactions between the 
domains revealed the formation of multiple H-bonds, rein-
forcing the closer positioning of these domains (Fig. 10). A 
similar shift of the P domain toward the S domain was also 
observed in the monomeric capsid protein upon aptamer 
binding, with multiple H-bond interactions forming as early 
as 100 ns (Fig. 9).

The binding free energy components for the interaction 
between the TrAptm-1 aptamer and both monomeric and tri-
meric capsid proteins were computed using the MMPBSA 
approach (Table  2). The binding free energy (∆Gbinding) 
was lower for the aptamer-trimeric capsid protein complex 
(-153.95  kcal/mol) compared to the aptamer-monomeric 
capsid protein complex (-120.77  kcal/mol), indicating a 
stronger binding affinity for the trimeric capsid protein. The 
aptamer-trimeric capsid protein complex exhibited more 
favorable van der Waals (VDWAALS) and polar solva-
tion energy (EGB) contributions. In contrast, the non-polar 
solvation energy (ESURF) had a minimal contribution on 
stabilizing the complex. These findings showed that while 
the TrAptm-1 aptamer can bind to both the monomeric and 
trimeric MrNV capsid proteins, it exhibited greater stability 

Fig. 6  Principal Component Analysis (PCA) scatter plots illustrating 
the structural variations of the TrAptm-1 aptamer in complex with (a) 
monomeric capsid protein and (b) trimeric capsid protein. The PCA 

plots highlight the conformational dynamics and overall flexibility of 
the aptamer-protein interactions, with a broader distribution of the plots 
indicating greater structural adaptability in the binding interactions
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significant fluctuations in the protruding (P) domain (resi-
due 250–371) (Fig.  2b). Notably, the broader trace of the 
red line in Fig. 2b reflects the combined variability of three 
independent P-domains present in the trimeric assembly, 
each undergoing distinct conformational motions during the 
simulation. This multiplicity resulted in a wider distribu-
tion of fluctuations. These domain-specific flexibilities may 
contribute to the conformational adaptability of the capsid 
protein upon aptamer binding. Additionally, the radius of 
gyration analysis showed a progressive structural compac-
tion in the aptamer-bound trimeric capsid protein complex 
that stabilized beyond 300 ns (Fig. 3), suggesting a dynamic 
structural changes of the aptamer-trimeric capsid protein 
complex. Similar was found in Principal Component Analy-
sis that showed greater conformational fluctuations of the 

for understanding the mechanistic basis of aptamer bind-
ing and its impact on capsid structural modulation. While 
MD simulations inherently rely on force field approxima-
tions and are subjected to limitations in temporal sampling, 
the reliability of the modeled interaction is strengthened by 
prior experimental confirmation of aptamer-capsid bind-
ing. Structural integrity and conformational behavior of 
both monomeric and trimeric forms of the MrNV capsid 
protein upon TrAptm-1 aptamer binding were examined 
over a 1 µs simulation timeframe. The RMSD analysis 
demonstrated that the aptamer-bound trimeric capsid pro-
tein exhibited greater structural deviations compared to 
the aptamer-monomeric capsid protein complex (Fig.  2a), 
possibly due to the domains flexibility and movements. 
This was confirmed in RMSF analysis that highlighted the 

Fig. 7  Conformational dynamics of the monomeric capsid protein and 
TrApt-1 aptamer during molecular dynamics simulation. Structural 
snapshots at 10 ns, 100 ns, 500 ns, and 900 ns illustrate the progres-
sive changes in the aptamer-protein complex. The viral capsid protein 
is shown in surface representation with different domain colored as 
follows: grey for the shell (S) domain; and yellow for the protruding 

(P) domain. The TrApt-1 aptamer is shown in orange. Structural rear-
rangements highlighted the dynamic interactions and stabilization of 
the complex over the 1000 ns simulation. (a) capsid protein viewed 
along the 3-fold axis; (b) lateral view of the protein rotated 90° along 
the x-axis from (a); (c) lateral view of the protein rotated 90° along the 
y-axis from (b)
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for several other viral diseases, such as largemouth bass 
virus [21], Zika virus [22–24], dengue virus [25] etc. A 
preliminary assay utilizing the TrAptm-1 aptamer as a sen-
sor in both enzyme-linked aptamer assay (ELAA) and gold 
nanoparticle-based aptasensor assay had demonstrated con-
sistent results in detecting the viral capsid protein in the cell 
lysate of MrNV-infected prawns [11].

Structural snapshots of the complex at 10 ns, 100 ns, 
500 ns, and 900 ns were obtained and analyzed to corre-
late the observed biophysical changes from MD simula-
tions with structural rearrangements in the 3D conformation 
of the complex. Visualization of these snapshots revealed 
that the observed biophysical changes were likely due to 
the dynamic interactions between the P-P and P-S domains 
(Figs. 8 and 10), where progressive conformational changes 

complex indicated by the dispersed data points in the PCA 
plot (Fig.  6). The solvent accessible surface area (SASA) 
analysis also indicated progressive structural compaction 
in the aptamer-bound trimeric capsid protein complex, as 
evidenced by a noticeable decrease in SASA within the ini-
tial 200–300 ns. This reduction suggests decreased solvent 
exposure of the overall complex, which may be associated 
with stable binding interactions. Additionally, the number 
of hydrogen bonds increased and stabilized after ~ 500 ns, 
indicated a strengthened interaction between the aptamer 
and the trimeric capsid protein over time, further support-
ing stable and persistent molecular interactions. This stable 
binding affinity is a crucial prerequisite for the develop-
ment of diagnostic tools for viral capsid proteins detection. 
Aptamer-based diagnostic strategies have been developed 

Fig. 8  Conformational dynamics of the trimeric capsid protein and 
TrApt-1 aptamer during molecular dynamics simulation. Structural 
snapshots at 10 ns, 100 ns, 500 ns, and 900 ns illustrate the progres-
sive changes in the aptamer-protein complex. The viral capsid protein 
is shown in surface representation with different domain colored as 
follows: grey for the shell (S) domain; and beige, yellow and green 
for the protruding (P) domains of chain A, B, and C, respectively. The 

TrApt-1 aptamer is shown in orange. Structural rearrangements high-
lighted the dynamic interactions and stabilization of the complex over 
the 1000 ns simulation. (a) T = 3 capsid protein assembly viewed along 
the 3-fold axis; (b) lateral view of the trimeric capsid protein rotated 
90° along the x-axis from (a); (c) lateral view of the trimeric capsid 
protein rotated 90° along the y-axis from (b)
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Fig. 9  Hydrogen bond (H-bond) analysis of the trimeric capsid protein upon aptamer binding. (a) H-bond interactions between the protruding 
(P) domain (beige) and the shell (S) domain of chain A. (b) H-bond interactions between the P domains of chain B (yellow) and chain C (green)
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changes observed in both the monomeric and trimeric forms 
of the capsid protein upon aptamer binding are particularly 
important for the development of therapeutic aptamers with 
anti-viral properties. Previous studies have reported that 
ligand-induced subtle but significant rearrangements in the 
viral capsid protein affect the capsid assembly, contribut-
ing to anti-viral effects [26–28]. Current observation that 
TrAptm-1 aptamer binding induced distinct structural rear-
rangement in both monomeric and trimeric MrNV capsid 
proteins, suggesting a potential interference of the capsid 
protein self-assembly process. The observed structural dis-
ruption in current analysis provides a strong foundation for 
further in-vitro evaluation of the aptamer’s anti-viral poten-
tial against MrNV. Although the anti-MrNV properties of 
the TrAptm-1 aptamer have not yet been studied, aptamer-
based therapeutic strategies have been reported against sev-
eral viral pathogens, including largemouth bass virus [3], 
grouper nervous necrosis virus [29], SARS-CoV-2 [30], and 
hepatitis C virus [31], demonstrating the broad potential of 
aptamers as antiviral agents across both aquatic and human 
viral diseases. Meanwhile, these findings highlighted the 
importance of longer simulation times to allow the system 

and structural rearrangements were recorded. The S domain 
forms the main capsid shell, providing stability and encap-
sidates the viral RNA genome, while the P domain extends 
outward, typically involves in the host receptor recognition 
and interaction, playing a crucial role in viral attachment 
and entry. The structural rearrangements and conformational 

Table 2  Molecular Mechanics/Poisson-Boltzmann surface area 
(MMPBSA) binding free energy analysis of TrAptm-1 aptamer in 
complex with monomeric and trimeric capsid proteins. All energy val-
ues are presented as mean ± standard error of the mean (SEM) in kcal/
mol
Energy Component Monomeric 

MrNV-CP,
kcal/mol

Trimeric 
MrNV-CP,
kcal/mol

Van der Waals Energy, 
VDWAALS

-117.13 ± 2.42 -145.35 ± 6.15

Electrostatic Energy, EEL 214.27 ± 4.24 438.5 ± 6.09
Generalized Born Solvation 
Energy, EGB

-204.33 ± 4.05 -429.74 ± 6.09

Non-Polar Solvation Energy, 
ESURF

-13.59 ± 0.22 -17.37 ± 0.74

Gas Phase Energy, GGAS 97.14 ± 4.84 293.15 ± 11.23
Solvation Energy, GSOLV -217.91 ± 4.12 -447.11 ± 5.56
Binding Free Energy, ∆Gbinding -120.77 ± 2.46 -153.95 ± 6.74

Fig. 10  Hydrogen bond (H-bond) analysis between the P domain and S domain of the monomeric MrNV capsid protein upon aptamer binding
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