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Abstract The SARS-Unique Domain of non-structural protein 3 (SUD-Nsp3) plays a cru-
cial role in viral replication and immune evasion, making it a key target of antiviral therapies
against SARS-CoV-2. However, the fast mutations in the Nsp3 protein, identified in 50%
of cases, indicate a critical role in the virus’s genetic evolution and potential impact on
viral function [1]. This study explores predicted mutants of Indonesian SUD-Nsp3, includ-
ing A76S-G77S-T266I1, A76S, G77S-K175R, and D302G, by applying molecular dynamics
simulations and binding free energy calculations to assess the impacts of ligand interaction,
structural stability, and drug resistance. Mutant 1 (A76S-G77S-T266I) exhibits increased
stability with GS-441524 and Remdesivir, indicating promising therapeutic efficacy. Fur-
thermore, moderate stability with Remdesivir and Saquinavir is shown in mutant 3 (G77S-
K175R); hence, it is a potential candidate for drug discovery. Mutant 4 (D302G) shows
promising stability and efficacy with GS-441524 and Saquinavir; however, it raises the po-
tential for drug resistance with Remdesivir. Mutant 2 (A76S) displays balanced binding sta-
bility and potential efficacy. Moreover, the structural analysis shows that mutants increased
flexibility in the N and C domains, while the M domain remains structurally stable. De-
composition energy highlights critical residues that contributed to ligand binding, including
PRO35, GLN102, and ARG237. This work optimizes therapeutic strategies against SARS-
CoV-2 mutants toward improved drug efficacy and reduced resistance.

Keywords. Nsp3-SARS-Unique Domain (SUD); Mutations; Binding Free Energy;
Molecular Dynamics; Drug Resistance; COVID-19.

1 Introduction

The COVID-19 pandemic has brought effective antiviral therapies, although the extensive research
has still proven inadequate [2, 3]. Furthermore, the high mutation rate and genetic variance change
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of SARS-CoV-2 pose a challenge to drug development that could enable the virus to enhance
transmissibility, evade immunity, and develop resistance [4]. A previous genomic study in SARS-
CoV-2 found various fundamental mutations. The mutations among them are nsp3 (50%), nsp4
(70.4%), nspl12 (99.3%), and spike (97.6%), with residue changes of P1228L, T4291, P323L,
and D614G, respectively. Nonstructural protein 3 (Nsp3) is a fundamental multifunctional pro-
tein, especially in the SARS-Unique Domain (SUD). Its domain is critical for RNA translation,
viral replication, and immune evasion [5, 6, 7, 8, 9, 10]. In this study, the SARS-CoV-2 virus
with a high mutation rate could be emergent mutations that will continuously arise, particularly
in fundamental proteins such as Nsp3-SUD. The emerging mutations might alter protein stabil-
ity, interactions, and the efficacy of drugs. Co-variant and multiple sequence alignment (MSA)
analyses effectively examine the evolutionary coupling of residues. They could also identify po-
tential mutation hotspots within Nsp3-SUD, which might impact its structure and function in viral
replication [11, 12]. Investigating a novel inhibitor development with various potential ligands,
including GS-441524, Remdesivir, and Saquinavir, could give novel insights into understanding
the stability of the structure of wild-type and mutant complexes [13, 14].

2 Materials and Methods

2.1 Dataset preparation and sequence retrieval
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Figure 1: Material and Methods

Data used in this research methodology was obtained from the GISAID dataset considered
Wuhan SARS-CoV-2 genome with accession no. NC-045512.2 as reference sequences (NCBI,
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www.ncbi.nih.gov.) [15]. The full-length Indonesian SARS-CoV-2 genome sequences were down-
loaded in FASTA format from GISAID [16]. Unipro Ugene and the MAAFT G-INS-i algorithm
have been optimized for similar sequences by reducing gaps and maintaining structural integrity.
It was also used for multiple sequence alignment (MSA). The 90% mismatch threshold was set to
identify the conserved region and give more priority to frequent residues changed within Nsp3-
SUD [17, 18]. A wild-type three-dimensional Nsp3-SUD model was generated using I-Tasser
and consisted of three domains (N, M, and C). Whereas Three-dimensional model constriction
due to mutation of the Nsp3-SUD gene was done using FoldX5 software (www.foldxsuite.crg.eu),
plugged into Yasara software (http//.www.yasara.org) [19]. Candidate drug potentials such as GS-
441524, Remdesivir, and Saquinavir [13] would be assessed and applied to structural modeling
and molecular dynamics (MD) simulations to study their impact on protein stability and interac-
tions with drug efficacy.

2.2 Docking and Molecular Dynamics (MD) simulations

Docking and MD simulations were performed to evaluate protein-ligand interaction stability.
Molecular docking was performed using AutoDock Vina integrated into the Chimera package, fol-
lowed by ligand optimization and minimization [20]. The docking coordinates were X = 61.70, Y
=73.60, and Z = 65.50, with a box size of 12.70 x 16.20 x 21.00, based on wild-type binding site
predictions from I-Tasser Cofactor, H-Dock, and E-Dock [21]. Solution builder on CHARMM-
GUI prepared complex proteins for molecular dynamic simulation through a CHARMM36 force
field [22, 23]. The minimization and equilibration steps were performed for the complexes, fol-
lowed by 100 nanoseconds (ns) production MD simulation at a temperature of 300 K and pressure
of 1 atm using GROMACS 2022.2 Version [24]. C-Alpha of root mean square deviation (RMSD),
root mean square fluctuation (RMSF), radius of gyration (Rg), solvent accessible surface area
(SASA), and hydrogen bond (HB) are represented as graphs using MDAnalysis and fingerPrint
Analysis plugins in the MDAnalysis Package [25, 26].

2.3 MMPBSA/MMGBSA binding-free energy calculations

Modern drug development focuses on advanced sampling methods and parameterized force fields
in all-atom free energy simulations [27, 28]. Estimating thermodynamic or binding free ener-
gies is fundamental for improving innovation and efficacy in drug design and discovery [27, 29].
Calculations of the absolute binding free energy require enough computational resources, great
consideration of restraining potentials, and valid intermediate states [30]. In the present study,
binding free energy was estimated using the Molecular Mechanics/Poisson-Boltzmann Surface
Area (MM/PBSA) and Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) meth-
ods through 100 ns molecular dynamics simulations trajectories. The equations give the break-
down of the free energy of ligand-receptor binding into various energetic terms [31];

AGhind = AGcomplex — (AGreceptor — AGiigand) 2.1
AGying = AENiv + (AGgo) — TAS) (2.2)

AEMM = AEpond + AEangle + AEginedral + AEele + AEyvaw (2.3)
AGso1 = AGpp/GB +AGsa (2.4)

AGping = Y- SASA+b 2.5
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where in this calculation of binding free energy, AEnm,AGso, and -TAS represent the energy
contributions of the molecular mechanic’s energy, the solvation free energy, and the entropy upon
ligand binding, respectively (Eq. 2.2). The molecular mechanics energy AEn consists of five
energetic terms, namely the bond (AEponq), the angle (AE 1), the dihedral (AE gipedrar), the elec-
trostatic (AE.l.), and the van der Waals (AEqw) energies (Eq. 2.3). In this study, we applied the
single MD trajectory protocol for the end-point binding free energy calculation to ensure stable
and reliable results. Under this approach, the bonded interactions, including AEpond, AE apgle, and
AE ginedral, effectively cancel out in the subsequent calculations. Consequently, it AEypy is simpli-
fied as the sum of electrostatic AEj. and van der Waals AE ,qw contributions. The solvation-free
energy AGg, consists of two components: the polar solvation energy (AGpg/gp) and the nonpolar
solvation energy (AGsa) (Eq.2.4). The polar contribution is computed using either the Poisson-
Boltzmann (PB) or Generalized Born (GB) model, while the nonpolar component is estimated
based on the solvent-accessible surface area (SASA) (Eq. 2.5) [32, 33, 34, 35].

3 Results and Discussion

3.1 Structural Comparison Analysis of Wild-Type and Mutant Nsp3-SUD Models

Comparison Wild-type I-Tasser Comparison Wild-type I-Tasser to
model to 2W2G reference N-M Mutants models (N-M-C
domains domains)

Analyzed structural using crossmatching structures ChimeraX tools with parameters
chain pairing (bb), Alignment algorithm (Needleman-Wunsch), similarity matrix
(BLOSUM-62), SS fraction (0.3); the matchmaker 2w2g to I-Tasser model chain A showed
RMSD between 257 pruned atom pairs is 0.656 angstroms. Meanwhile, the second
comparison between I-Tasser model to mutants models showed RMSD between 331
purned atom pairs is 0.000 angstroms. It's suggested similarity structures between
reference to models both wild-type and mutants.

Figure 2: Structures Comparison between 2w2g.pdb chain A as reference N-M domains to wild-
type I-Tasser model and mutants of Nsp3-SUD using matchmaker ChimeraX.

The effects of Indonesian mutations on the Nsp3-SUD were investigated using I-Tasser pre-
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Table 1: Prediction of Indonesian mutations Nsp3-SARS-Unique Domain (Nsp3-SUD)
Wild-Type SUD-Nsp3  Changes of Residues

Mutation 1 AT76S-G77S-T2661
Mutation 2 AT76S
Mutation 3 G77S-K175R
Mutation 4 D302G

dicted models. Applying ChimeraX, the wild-type model was superimposed onto the experimental
reference structure (2w2g.pdb, N-M domains; Figure 2) [36]. The comparison shows an RMSD
of 0.656 (A) over 257 pruned atom pairs, confirming a high degree of structural similarity to the
template and suggesting significant similarities. The RMSD values remained close to 0.000 (A)
throughout all mutations, based on 331 pruned atom pairs. Sequence alignment analysis indicated
high conservation, with mutant 3 (G77S-K175R) showing the highest similarity (1620.4) and mu-
tant 4 (D302G) the lowest (1616.9). Mutants 1 (A76S-G77S-T266I) and 2 (A76S) showed an
intermediate similarity of 1618.3 and 1617.6, respectively. These results indicated all the muta-
tions in the Nsp3-SUD mostly show conserved structures. However, slight variations in sequence
alignment scores could indicate localized structural or functional changes. Functional mutations
in fundamental regions of proteins, such as ligand-binding sites, might potentially affect protein
function and inhibit interaction with ligand compounds. Further studies will be needed to establish
the biological implications of mutations for viral replication and the efficacy of drugs.

3.2 Mutations and structural shift Nsp3-SUD proteins

Nsp3 is the largest protein domain in the coronavirus genome, comprising 1922 amino acids. It is
an essential protein in SAR-CoV-2 replication and transcription complexes [37]. This study con-
siders the SARS-Unique Domain (SUD) Nsp3 mutants specific to Indonesian sequences (Table 1)
using homology modeling (I-Tasser model) [21] concerning observing structural and functional
implications. Indonesian Nsp3-SUD sequences and multiple sequence alignment (MSA) were
aligned using the MAAFT algorithm integrated into the UniPro UGENE tool [17, 18]. The covari-
ance method provides significant insight into residues’ evolutionary coupling and functional im-
portance. Four significant mutations, based on covariant relationship and potential to influence the
structural stability or binding interactions [11, 12] are A76S-G77S-T2661, A76S, G77S-K175R,
and D302G. The polarity mutation A76S provided an extra hydrogen bond effect to increase lo-
cal stability. The mutation G77S-K175R enhanced electrostatic, hydrogen bond interaction, and
ligand binding affinity. A76S-G77S-T266I is a combination substitution that indicates strong hy-
drophobic and hydrogen bond interactions, providing higher stability of binding affinity. The
D302G mutation reduced regional polarity, potentially destabilizing electrostatic interactions.

3.3 Structural Stability and Ligand Dynamics of SARS-CoV-2 Nsp3 SUD Com-
plexes

The 100 ns Molecular Dynamics (MD) simulations were performed to understand the stability
and dynamics of the structure Nsp3-SUD binding to GS-441524, Remdesivir, and Saquinavir
complexes. The effects of mutations were analyzed by RMSD, Rg, SASA, and hydrogen bonds,
representing the wild-type and mutant proteins.

Mutant 1 (A76S-G77S-T266]) exhibited the most stable RMSD values of 5-7 (A) across all
domains and 3-5 (A) in the N-M domain. Mutants 2 (A76S) and 4 (D302G) displayed moderate
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stability. In contrast, the wild-type showed higher variability, with RMSD values from 6 to 10 (A),
while mutant 3 (G77S-K175R) was the least stable, exhibiting fluctuations as high as 8-10 (A).
The SASA values observed that the wild-type had higher solvent exposure at ~ 195 nm?. The
most expanded structure could be observed for mutant 3, with the highest SASA of ~200 nm?.
Rg values at ~23.5 (A) confirmed the compactness of the wild-type. The stability conformations
are slightly expanded, as shown in mutants 1 and 2 Rg values of ~24-25 A. In contrast, mutant 3
was strongly destabilized, as indicated by the fluctuating Rg values between 26-28 (A), suggesting
a loss of compactness. Hydrogen bond analysis showed significant stability differences between
the mutants. The wild-type, mutants 1 and 4, had maintained robust hydrogen bond interactions.
It contributes to the overall stability of protein ligands, especially GS-441524 and Remdesivir
complexes. Meanwhile, the reduction of hydrogen bonds might be related to various structural
instabilities and loss of ligand-binding interaction, particularly shown in the mutant 3 Saquinavir
complex.

Generally, mutants 1 and 4 are more stable with reduced solvent exposure and hence strong
hydrogen bond interactions. Although mutant 3 leads to a loss of ligand binding stability, which
indicates destabilization.

3.4 Binding Free Energy of Mutated Nsp3-SUD and WT
34.1 MM/PBSA and MM/GBSA Calculations

This study investigates the impact of binding ligand interaction in mutations of SARS-CoV-2
Nsp3-SUD proteins by applying MM/PBSA and MM/GBSA calculations. It is revealed by Table
2 and Figure 3 that the binding stability of GS-441524, Remdesivir, and Saquinavir complexes has
been considerably altered due to the mutations.

AAG MMPBSA (kcal/mol) AAG MMGBSA (kcal/mol)
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(a) MMPBSA Calculations. (b) MMGBSA Calculations.

Figure 3: Binding Free Energy Calculation Using (a) MMPBSA and (b) MMGBSA Methods.

The binding affinity analysis of GS-441524 indicated that mutants 1 and 2 exhibit significant
instability, while mutant 3 demonstrates moderate stability, and mutant 4 presents the strongest
stability. This trend is persistent with relative binding free energy calculations, confirming the
mutation’s stability differences. This study also indicated the risk resistance from low to high in
mutants 4, 3, 2, and 1, respectively, with GS-441524 complexes. Remdesivir complexes demon-
strated the lowest values of BFE in mutant 1, suggesting that low risk could be resistance. Fur-
thermore, moderately favourable binding showed in mutants 2 and 3, which indicated resistance
potential. Moreover, mutant 4 exhibits the weakest binding, which means significant instability
and the highest resistance risk. Finally, Saquinavir contributed to the stabilization of Mutant 4,
which formed the most stable complex, suggesting minimal resistance risk. Mutants 3 and 2 fol-



Dedy RENDRAWAN, Kazutomo KAWAGUCHI and Hidemi NAGAO 31

lowed with moderate affinity stability, also indicating a low risk of resistance. Mutant 1 showed
highly destabilization binding interactions, suggesting a slight increase in the binding of mutant
3 with the ligand of saquinavir. On the other hand, mutant 4 also contributed to destabilization,
potentially leading to higher resistance.

The analysis reveals that specific mutations influence ligand binding affinity. In GS-441524
complexes, all mutants enhanced relative binding energy, while in the Remdesivir complex, mutant
1 increased the binding stability. Similarly, in the Saquinavir complex, mutant 4 exhibits improved
relative binding energy with minimal impact on other ligands, making it a promising candidate for
GS-441524-based treatments. In contrast, mutants 2 to 4 in the Remdesivir complex and mutants 1
to 3 in the Saquinavir complex exhibited destabilizing relative binding, raising concerns about their
therapeutic potentia These findings provide critical insights into drug discovery and the challenges
posed by mutation-induced resistance.

Table 2: Binding free energy calculations (AG) (kcal/mol) for SARS-CoV-2 Unique Domain
(SUD) complexes using MM/PBSA and MM/GBSA methods.

Complex MM/PBSA (kcal/mol) MM/GBSA (kcal/mol)
Wild-Type-GS SUD-Nsp3 -10.40 -29.53
Wild-Type-Rem SUD-Nsp3 -21.91 -23.70
Wild-Type-Saq SUD-Nsp3 -34.24 -48.52
Mutant-1-GS: A76S-G77S-T2661 -14.83 -14.13
Mutant-1-Rem: A76S-G77S-T266I -22.45 -23.83
Mutant-1-Saq: A76S-G77S-T2661 -21.85 -19.17
Mutant-2-GS: A76S -14.19 -13.31
Mutant-2-Rem: A76S -20.99 -23.82
Mutant-2-Saq: A76S -28.69 -32.29
Mutant-3-GS: G77S-K175R -25.33 -25.47
Mutant-3-Rem: G77S-K175R -19.92 -21.24
Mutant-3-Saq: G77S-K175R -32.95 -49.12
Mutant-4-GS: D302G -26.89 -34.63
Mutant-4-Rem: D302G -9.33 -8.25
Mutant-4-Saq: D302G -39.61 -43.72

3.4.2 Contribution Energy Decomposition Per-Residue in Mutants and WT Nsp3-SUD Pro-
tein bind to GS-441524 Nucleoside Core as Inhibitor

Energy decomposition analysis for the complexes of GS-441524 with wild-type and mutant Nsp3-
SUD proteins revealed some key residues contributing to the stability of binding affinity, as indi-
cated in Figure 4 and Supplementary Table 3. Interestingly, the residue PRO35 acts as a desta-
bilizer in wild-type, although it is a major stabilizer in all mutants, especially in mutant 1 with
the highest values. Conversely, ASP36 made minor contributions in the wild-type, mutants 1,
and 3, likely due to local environmental changes that reduced ligand affinity. However, in mu-
tant 3, ASP36 enhanced stabilization, suggesting a less disruptive effect on binding. The key
residue GLN102 exhibited increased stabilization across all mutants. Additionally, mutants 1 and
3 demonstrated favorable structure integrity with strong electrostatic interactions. In contrast,
residues ARG237 and SER238 showed decreased stability in all mutants, particularly mutants 2
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Figure 4: Energy Decomposition Per-Residues bound to GS-441524

and 3, indicating interference with fundamental binding interactions. Other key binding residues
affected by various mutations include GLY 103, LEU104, and TYR235. In general, PRO35 and
GLN102 play a crucial role in stabilizing the binding affinity of GS-441524 mutant complexes.

3.4.3 Contribution Energy Decomposition Per-Residue in Mutants and WT Nsp3-SUD Pro-
tein bind to Remdesivir as Inhibitor

Wild-type and mutant Nsp3-SUD-bound Remdesivir protein complexes were analyzed using en-
ergy decomposition analysis (see Figure 5 and Supplementary Table 4). The residues contributing
to binding stability provide key insights into the structural factors driving protein-ligand interac-
tions. Among these residues, PRO35 was destabilized in wild-type complexes but emerged as the
most stabilizing residue in mutant complexes, especially mutant 1, except mutant 4. Structural ad-
justment in the mutant complexes enhanced protein-ligand interaction, thereby maintaining stable
binding site configurations. GLN102 residue consistently played a crucial role in stabilizing the
protein-ligand mutant complexes, especially in mutants 1 and 3. This stabilization might result
from hydrogen bonding or electrostatic interactions with Remdesivir, which strengthen binding
stability and preserve the structural integrity of the binding pocket, which is critical for efficient
ligand recognition and binding affinity. Conversely, residue ARG237 exhibited a reduced stabi-
lizing effect in mutant 2, wild-type, and mutant 4, indicating an extended unfavorable binding
energy contribution. Further conformational modifications of Remdesivir complexes might re-
duce binding stability. The residues such as LEU130 and SER238 in mutant 4 were shown to be
destabilized due to conformational changes that interfere with the increased binding affinity. In
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contrast, ARG234, TYR235, and especially LYS240 exhibit mixed effects. A few mutations are
slightly stable, while other results show unstable contributions. That suggested a given mutation
might have a dependent influence and consequently various effects on binding stability.

The analyses underline the fundamental key residue stabilizer protein-ligand complexes such
as PRO35, GLN102, and ARG237. In contrast, residues ASP28 and LYS240 showed unstable
effects, indicating their potential role in reducing binding stability.
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3.4.4 Contribution Energy Decomposition Per-Residue in Mutants and WT Nsp3-SUD Pro-
tein bind to Saquinavir as Inhibitor

In Saquinavir complexes, the energy contribution of decomposition analysis to wild-type and mu-
tant Nsp3-SUD proteins was shown in Figure 6 and Supplementary Table 5. The key residue
of PRO35 consistently became a stabilizer, with an extensive effect in mutants 2 and 3. This
indicates that certain residues contribute to favourable structural adaptations, enhancing binding
affinity by maintaining the optimal conformation of the binding site. The key residues ASP36 and
GLN102 decrease the contribution, suggesting destabilization, particularly in mutant 1. It could
be caused by side-chain hydrogen bonds or other types of electrostatic interactions. In contrast,
the contributions of ILE129 and ILE130 proved mixed stability in mutant complexes. Further,
key residues of ARG237 and SER238 show significant destabilization, especially in wild-type,
mutants 1, and 4, respectively. The lowest contribution of ARG237 in mutant 1 indicated a loss
of stabilizing electrostatic interactions and impaired binding stability. Furthermore, destabilizing
contributions of SER238 in mutants 1 and 2 are likely due to structural changes that disturb the
protein-ligand interface. In contrast, GLY103, MET236, and TYR235 showed minor impacts on
the binding stability, indicating these are not influential residues within Saquinavir binding across
the mutants.

Generally, the analysis underlines the impact on the Saquinavir mutation complexes, with key
residues PRO35, GLN102, and ARG237 playing a critical role in the stabilization protein-ligand
complex. These findings provide fundamental insights into the structural determinants of binding
affinity, which are critical in guiding drug design and discovery strategies against SARS-CoV-2.
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3.5 Structural flexibility Analysis of Nsp3-SUD complexes with GS-441524 nucleo-
side core, Remdesivir, and Saquinavir

RMSF Comparison RMSF Comparison
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Figure 7: Comparison RMSF N-M-C (a) GS-441524, (b) Remdesivir, and (c) Saquinavir to wild-
type within Mutants 1-3.

The structural flexibility of GS-441524, Remdesivir, and Saquinavir Nsp3-SUD complexes
was investigated by applying RMSF analysis (Figure 7). The RMSF profiles revealed a consistent
pattern in the N and C-domains, which exhibited higher fluctuations compared to the relatively
stable M-domain. Especially mutant 3 showed increased flexibility, with peaks around residues 20-
30 in the N-domain of the Saquinavir complex and residues 170-180 in the GS-441524 complex.
In both wild-type and mutant complexes, significant fluctuations were observed in the C-domain
around residues 264-331, identifying these regions as structural instability hotspots that might
contribute to resistance against mutation-induced changes. The increased flexibility in both N
and C domains, especially in mutant 3, suggests that mutations could significantly be affected by
the consistent fluctuations observed in the C-domain around residues 264-331. These findings
underline the sensitivity of the N and C domains to mutations and their potential as targets for
stabilizing interventions.

However, the robust stability of the M-domain might indicate that it acts as a scaffold for struc-
tural stability even in the presence of mutations. These findings are important concerning future
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drug design and discovery strategies, especially for optimizing binding affinity and mitigating
destabilization by mutations in Nsp3-SUD complexes.

3.6 Comparison of Key Residues Binding Interactions and Effects of Mutations in
wild-type and mutant Nsp3-SUD complexes

The binding interactions between Nsp3-SUD and the potential ligands GS-441524, Remdesisvir,
and Saquinavir were analyzed to identify how mutations influence the stability of the protein-
ligand complex. The analysis focused on hydrophobic, van der Waals (vdW), hydrogen bonding
(HBDonor), and 7-cation interactions, each contributing differently to binding stability depending
on the ligand and mutation. (Supplementary Tables 6, 7, 8, Supplementary Figures 12-41).

The mutations increase the ligand interaction through ASP36 dominant in all mutants. The
highest interactions, especially in mutants 1, 2, and 4, contributed to HBDonor and vdW contact
from 99.40% to 100%. However, mutant 3 showed a change from 62.93% to 63.73%. ARG237
emerges as a critical stabilizer while providing hydrophobic, 7-cation, and vdW interactions, the
pinpoint in mutant 1 with 92.40% m-cation and mutant 4 with 93.50% hydrophobic interaction.
Furthermore, mutated residue T266I contributed with 36.86% vdW interactions in the wild-type.
However, its contribution interactions disappeared in all mutants. This indicates that the structural
adjustment was driven by the increased involvement of the other residues.

In Remdesivir complexes, the hydrophobic contribution of PRO35 is especially high in mutant
1, with a contribution of 99.60% and 64.63% vdW contact. These interactions keep the ligand
oriented and stable in the binding pocket. However, these interactions are absent in mutants 2
and 4, causing the lower complex stability. It revealed the fundamental role of PRO35 in protein-
ligand stability by allowing close contact between the ligand and the protein. In addition, ASP36,
GLN102, and ARG237 are also highly contributing to vdW contact, HB donor, and hydrophobic
interactions in several mutants. Mutants 2 and 3 exhibited vdW contact from 35.06% to 42.82%
and 53.24 to 67.79%, respectively. Especially in mutant 1, the highest vdW interaction is 77.62%,
further supporting the binding affinity of non-covalent interactions. The highlight of impaired
effects on stability was observed in mutant 4.

In Saquinavir complexes, the key residue PRO35 predominantly engages in hydrophobic and
van der Waals interactions in both wild-type and mutant forms. The highest interactions were
observed in wild-type, followed by mutants 2 and 4, respectively. The hydrophobic interactions
between Saquinavir and key residue GLN102 in mutants 2, 3, and 4 (from 52.93% to 65.38%)
suggest that Saquinavir plays a crucial role in stabilizing the complex. However, mutant 1 was
revealed to disrupt these hydrophobic interactions, leading to reduced binding affinity. Hydrogen
bonding interactions also play a critical role in stabilizing the protein-ligand interactions, espe-
cially ASP36 in mutant 3. The structural integrity of the binding site contributes about 45.65%
to 60.83%. This highlights that HBDonor interaction could enhance the binding protein-ligand
by enhancing favourable electrostatic interactions. However, disrupted interactions could reduce
the binding stability, as observed in the wild-type, mutants 1, 2, and 4 complexes. Additionally,
7-cation interactions are essential for complex stabilization in the presence of aromatic residues.
ARG237 contributes significantly to m-cation interactions, particularly in mutant 2 (31.92%). Fur-
thermore, hydrogen bonding, hydrophobic forces, and van der Waals interactions collectively con-
tribute to the stabilization of mutants 2, 3, and 4. Moreover, GLY 103 contributes to vdW contact
and hydrogen bond in mutant 2 (85.49% and 59.29%), stabilizing the ligand-binding interactions.
The fundamental type of interaction, including hydrophobic, vdW, HB donor, and 7-cation, has
played a role in stabilizing protein-ligand complexes. The key residues are PRO35, GLN102,
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ASP36, ARG237, and GLY 103, which suggest stability interactions. The highlights provide in-
sights for drug design and discovery to optimize ligand affinity and stability.

4 Conclusions

This study investigates the impact of Indonesian-specific mutations in the Nsp3-SUD on drug
binding stability using molecular dynamics and end-point energy calculations (MM/PBSA and
MM/GBSA). Mutations A76S-G77S-T2661, A76S, G77S-K175R, and D302G were identified us-
ing a covariance-based MAAFT algorithm for multiple sequence alignment (MSA) and further
validated by structural homology modeling. The AG and AAG analyses revealed mutation-specific
effects on ligand binding and drug resistance potential. Mutant 1 stabilized the binding of GS-
441524 and Remdesivir, suggesting promising efficacy against these mutants. Mutant 3 exhibited
moderate stability, particularly with Remdesivir and Saquinavir, making them potential candidates
for therapy. Meanwhile, Mutant 4 demonstrated strong binding with GS-441524 and Saquinavir,
indicating promising drug efficacy; however, the interaction with Remdesivir raised concerns re-
garding the potential of resistance mechanisms. Mutant 2 showed a high binding affinity with all
drug candidates while maintaining moderate binding stability. Structured analysis revealed that
the mutations increased flexibility in the N and C domains, whereas the M domain remained sta-
ble. The structural analysis identified PRO35, GLN102, and ARG237 as key amino acid residues
that significantly contribute to binding stabilization. These results also highlight the importance of
mutation effects on drug binding and the fundamental design of antiviral therapies against mutants
of SARS-CoV-2. This study has provided critical mechanistic insights into the structural deter-
minants for binding affinity toward drug-design optimization and increased efficacy in therapeutic
strategies targeting SARS-CoV-2 variants.
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A Molecular Dynamics Analysis
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Figure 8: Comparison RMSD N-M-C (a) GS-441524, (b) Remdesivir, and (¢) Saquinavir to wild-
type within Mutants 1-4.
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A.2  SASA (Solvent Accessible Surface Area)
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Figure 9: Comparison SASA of (a) GS-441524, (b) Remdesivir, and (c) Saquinavir to wild-type
within Mutants 1-4.
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A.3 Radius of Gyration
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A.4 Hydrogen Bond
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B Fingerprint Interaction types per-residues contribution in the bind-
ing affinity complexes to ligands

B.1 Fingerprint Interaction types per-residues contribution in the binding affinity
of wild-type complexes to ligands
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Figure 12: Binding interaction Per-Residue of the studied Nsp3-SUD wild-type to GS-441524
Nucleoside core.
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Figure 13: Binding interaction Per-Residue of the studied Nsp3-SUD wild-type to Remdesivir.
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B.2 Fingerprint Interaction types per-residues contribution in the binding affinity
of Mutant 1 complexes to ligands
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Figure 15: Binding interaction Per-Residue of the studied Nsp3-SUD Mutated 1 to GS-441524
Nucleoside core.
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Figure 16: Binding interaction Per-Residue of the studied Nsp3-SUD Mutated 1 to Remdesivir.
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Figure 17: Binding interaction Per-Residue of the studied Nsp3-SUD Mutated 1 to Saquinavir.
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B.3 Fingerprint Interaction types per-residues contribution in the binding affinity
of Mutant 2 complexes to ligands
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Figure 18: Binding interaction Per-Residue of the studied Nsp3-SUD Mutated 2 to GS-441524
Nucleoside core.
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Figure 19: Binding interaction Per-Residue of the studied Nsp3-SUD Mutated 2 to Remdesivir.
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Figure 20: Binding interaction Per-Residue of the studied Nsp3-SUD Mutated 2 to Saquinavir.
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B.4 Fingerprint Interaction types per-residues contribution in the binding affinity
of Mutant 3 complexes to ligands
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Figure 21: Binding interaction Per-Residue of the studied Nsp3-SUD Mutated 3 to GS-441524
Nucleoside core.
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Figure 22: Binding interaction Per-Residue of the studied Nsp3-SUD Mutated 3 to Remdesivir.
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Figure 23: Binding interaction Per-Residue of the studied Nsp3-SUD Mutated 3 to Saquinavir.
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B.5 Fingerprint Interaction types per-residues contribution in the binding affinity
of Mutant 4 complexes to ligands
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Figure 24: Binding interaction Per-Residue of the studied Nsp3-SUD Mutated 4 to GS-441524
Nucleoside core.
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Figure 25: Binding interaction Per-Residue of the studied Nsp3-SUD Mutated 4 to Remdesivir.
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Figure 26: Binding interaction Per-Residue of the studied Nsp3-SUD Mutated 4 to Saquinavir.
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C Comparison of Protein-Ligand Interaction Nsp3-SUD Complexes

C.1 Comparison 2D Interaction Key Residue in Wild-type Complexes
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Figure 27: Interactions with residues in the WT complex GS-441524 during frame O (a) and frame
1000 (b), respectively.
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Figure 28: Interactions with residues in the WT complex Remdesivir during frame O (a) and frame
1000 (b), respectively.
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Figure 29: Interactions with residues in the WT complex Saquinavir during frame O (a) and frame
1000 (b), respectively.
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C.2 Comparison 2D Interaction Key Residue in Mutant 1 Complexes

@ SER128
H ARG237

PRO35
(b)
 H
0, N
- N -:.1*\\
H " N
\O ,’N\\*— ]
@] W -
L NH
rx I
H

Figure 30: Interactions with residues in the Mutant 1 complex GS-441524 during frame O (a) and
frame 1000 (b), respectively.
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Figure 31: Interactions with residues in the Mutant 1 complex Remdesivir during frame O (a) and
frame 1000 (b), respectively.



64

Stability of NSP3-SUD due to Mutation in Indonesian SARS-CoV-2

(b)

JNEEEEEEL jREmEAEEEEE,  EEEEEEEp.EEEEEEEEEEs.
" HBdonor | ° Hydrophobic [ ®  PiCation " VdWContact .

EEEEEEEé AEENEENEEEENG ENEEEEEF EEENEENEEEEEF

Figure 32: Interactions with residues in the Mutant 1 complex Saquinavir during frame 0 (a) and
frame 1000 (b), respectively.
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C.3 Comparison 2D Interaction Key Residue in Mutant 2 Complexes

Figure 33: Interactions with residues in the Mutant 2 complex GS-441524 during frame O (a) and
frame 1000 (b), respectively.
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Figure 34: Interactions with residues in the Mutant 2 complex Remdesivir during frame O (a) and
frame 1000 (b), respectively.



Dedy RENDRAWAN, Kazutomo KAWAGUCHI and Hidemi NAGAO

(a)

(b)

sENEEEEEE G SEEEEEEEE, G EEEENEN R EEEEEEEEEE
"  HBdonor :. Hydrophobic :' PiCation :' VdWContact o
Mosnsnmne snssssmmmmw

[
EEEEeEEd EEnEEEEEEE

Figure 35: Interactions with residues in the Mutant 2 complex Saquinavir during frame 0 (a) and
frame 1000 (b), respectively.
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C.4 Comparison 2D Interaction Key Residue in Mutant 3 Complexes

(a)

PRO35

GLY103

(b)

ILE129

Figure 36: Interactions with residues in the Mutant 3 complex GS-441524 during frame O (a) and
frame 1000 (b), respectively.
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Figure 37: Interactions with residues in the Mutant 3 complex Remdesivir during frame O (a) and
frame 1000 (b), respectively.
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Figure 38: Interactions with residues in the Mutant 3 complex Saquinavir during frame 0 (a) and
frame 1000 (b), respectively.
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C.5 Comparison 2D Interaction Key Residue in Mutant 4 Complexes
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Figure 39: Interactions with residues in the Mutant 4 complex GS-441524 during frame O (a) and
frame 1000 (b), respectively.
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Figure 40: Interactions with residues in the Mutant 4 complex Remdesivir during frame O (a) and
frame 1000 (b), respectively.



Dedy RENDRAWAN, Kazutomo KAWAGUCHI and Hidemi NAGAO

" HBdonor |
EREEEEE

Illlllllllb‘Illllllllllllllllllt
Hydrophobic . ® PiCation 5" VdWContact o
EEEEEEEEEE®

[
EEEEEEEt TN EE RN

Figure 41: Interactions with residues in the Mutant 4 complex Saquinavir during frame 0 (a) and
frame 1000 (b), respectively.
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D Binding Free Energy of Contribution Mutated Nsp3-SUD and WT

D.1 Table Energy Decomposition Per-Residue With Inhibitor GS-441524

Table 3: Per-Residue Energy Decomposition for Wild-Type and Mutants 1-4 bound with GS-
441524 (kcal/mol).

Residue Wild-Type Mutant1 Mutant2 Mutant3 Mutant4

PRO35 -0.18 -0.92 -0.79 -0.62 -0.81
ASP36 0.02 -2.34 -1.99 0.27 -2.36
THR39 -0.50 -0.09 - - -
GLN102 -0.35 -1.84 -1.49 -0.48 -1.44
GLY103 -0.26 -0.74 -0.52 -0.34 -0.08
LEU104 -0.50 -0.15 - -0.76 -
SER128 -0.51 -0.92 -1.22 -0.02 -0.17
ILE129 - - 0.001 - -
ILE130 -0.91 -0.98 -0.80 -0.39 -0.54
ALA233 - -0.14 -0.40 - -0.06
ARG234 -0.91 -0.43 -1.10 -0.18 -0.16
TYR235 -0.05 - -0.18 -0.03 -
MET236 -0.06 0.005 0.04 -006 -0.03
ARG237 -3.22 -2.94 -1.12 -1.80 -2.50
SER238 -0.59 -0.16 -0.18 -0.25 -0.06
LYS240 0.53 0.42 0.19 0.19 0.34
TYR259 -0.19 -0.03 -0.73 -0.12 -0.16
SER260 - -0.17 -0.12 - -0.43
SER262 -0.06 0.03 0.01 -0.10 -0.38
SER263 -0.07 -0.01 -0.02 -0.15 -0.29
SER264 -0.14 -0.06 -0.49 -0.22 0.01

TYR281 0.002 -0.009 0.002 -0.01 0.0007
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D.2 Table Energy Decomposition Per-Residue With Inhibitor Remdesivir
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Table 4: Per-Residue Energy Decomposition for Wild-Type and Mutants 1-4 bound with Remde-

sivir (kcal/mol).

Residue Wild-Type Mutant1 Mutant2 Mutant3 Mutant4
ASP28 0.13 0.28 - 0.06 0.01
ASN32 -0.16 - - - -
LEU33 -0.47 -0.35 - - -
HSD34 -0.04 -0.64 -0.01 -0.003 0.001
PRO35 -0.83 -3.66 -1.47 -1.58 -0.18
ASP36 0.69 0.89 0.94 0.11
ALA38 - - - - -0.04
THR39 -0.48 -0.26 0.01 --0.04
THR73 - - 0.03 0.01 -
LYS75 - - 0.08 0.13 -
GLN102 -0.05 -0.21 -0.68 -0.89 -0.08
GLY103 -0.13 -0.75 -0.83 -0.40 -0.07
LEU104 -0.37 -2.34 -2.26 -0.48 -0.16
THR108 0.0008 - - - -
VAL109 - 0.02 - -0.15 -
SER128 0.02 0.07 -0.31 -0.13 -
ILE129 0.003 0.01 -0.19 -0.18 -
ILE130 -0.05 -0.01 -2.17 -1.48 -
SER131 - - - - 0.01
ILE205 -1.10 -0.04 -0.32 -0.12 -0.14
ASN206 -0.67 0.03 -0.26 -0.01 -0.07
ASN209 -0.03 -0.01 -0.14 -0.08 -0.07
ALA233 -0.09 -0.38 - 0.003 -
ARG234 -1.44 -0.99 -1.32 -0.04 -0.002
TYR235 -1.40 - - - -
MET236 0.02 -0.11 - 0.06 0.002
ARG237 -0.75 -2.97 -0.92 -2.18 -0.04
SER238 -1.35 -0.35 -1.77 -1.15 -0.10
LYS240 0.22 0.16 0.07 -1.15 -0.03
TYR259 -0.05 -0.21 0.01 0.003 -
LEU260 -0.15 -0.67 - -0.07 -
SER262 0.02 -0.11 0.01 0.03 -
SER263 0.02 -0.12 0.01 0.02 -
SER264 0.04 0.10 0.001 0.037 -
TYR281 -0.03 -0.17 0.001 0.02 -
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D.3 Table Energy Decomposition Per-Residue With Inhibitor Saquinavir

Table 5: Per-Residue Energy Decomposition for Wild-Type and Mutants 1-4 bound with
Saquinavir (kcal/mol).

Residue Wild-Type Mutant1 Mutant2 Mutant3 Mutant4

ASN32 - - - -0.43 -
LEU33 - - - 0.10 -
PRO35 -1.11 -0.88 -2.82 -2.40 -1.66
ASP36 -0.70 0.99 0.79 0.18 -007
ALA38 - -0.99 -1.27 - -
THR39 -1.96 -0.47 -0.88 0.04 -1.43
LYS75 - - 0.11 - -
GLN102 -1.10 -0.001 -2.58 -1.43 -0.89
GLY103 -0.68 -0.01 -0.85 -0.67 -019
LEU104 -2.31 - -1.13 -3.67 -021
SER128 -0.66 - -0.133 0.03 -0.84
ILE129 -2.44 -0.07 -0.11 -0.01 -198
ILE130 -3.59 -0.01 -1.03 -2.30 -2.25
SER131 - - - 0.35 -0007
ASN132 - 0.02 - -0.17 0.02
ILE205 -1.13 - - -0.70 -0.69
ASN206 0.07 - - -0.18 -0.10
ASN209 -0.39 -0.83 -0.11 - -1.00
ASP210 - 0.48 - - -
ASN212 0.02 - 0.01 - 0.003
ALA233 -0.32 - - - -
ARG234 -0.91 0.02 -0.71 -1.16 -0.03
TYR235 -0.39 -0.06 - - -
MET?236 -0.19 - - 0.10 0.05
ARG237 -0.48 -0.13 -2.02 -3.77 -1.10
SER238 -1.20 -0.49 -0.56 -1.50 -2.28
LYS240 -0.17 -1.48 0.29 0.30 -129
VAL241 0.001 - 0.001 - -0.11
TYR259 -0.53 - - -0.25 -0.02
SER262 0.01 0.01 -0.01 -0.21 0.02
SER263 0.004 0.009 -0.13 -0.70 0.02
SER264 0.002 0.01 -0.13 -0.29 0.01

TYR281 0.0001 -0.0001 0.001 - 0.002
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E Table Comparison of Protein-Ligand Interaction Fingerprint Be-

tween Nsp3-SUD Wild-type and Mutation Complexes (%)

Table 6: Interaction Types per-residues for Wild-type and Mutants 1-4 bound with GS-441524

(%).

Frequency

Residue Interaction Mutant 1 Mutant 2 Mutant 3 Mutant 4 Wild-Type
ASP36 HBDonor 100.00 100.0 62.93 99.40 0.00
VdWContact 100.00 100.0 63.73 99.50 0.00
GLN102  Hydrophobic  73.32 0.00 0.00 74.42 0.00
VdWContact  43.45 59.04 37.36 57.64 0.00
GLY103 VdWContact  0.00 30.86 0.00 0.00 0.00
SER128  VdWContact 71.72 74.82 0.00 43.25 0.00
ILE130 VdWContact 37.36 0.00 0.00 0.00 0.00
MET234  Hydrophobic  0.00 70.02 0.00 0.00 0.00
VdWContact  37.46 44.95 0.00 0.00 0.00
MET236 VdWContact  0.00 39.66 0.00 0.00 0.00
ARG237  Hydrophobic  78.62 0.00 0.00 93.50 95.10
PiCation 92.40 0.00 57.24 88.71 50.84
VdWContact  62.33 33.16 51.94 62.33 64.53
THR/ILE266 VdWContact  0.00 0.00 0.00 0.00 36.86
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Table 7: Interaction Types per-residues for Wild-type and Mutants 1-4 bound with Remdesivir
(%).

Frequency
Residue Interaction Mutant 1 Mutant 2 Mutant 3 Mutant 4 Wild-Type
PRO35 Hydrophobic  99.60 0.00 68.43 0.00 54.39
VdWContact  64.63 32.06 0.00 0.00 0.00
ASP36 ~ HBDonor 0.00 37.46 52.54 0.00 0.00
VdWContact  0.00 42.82 53.24 0.00 0.00
GLN102 Hydrophobic  0.00 53.84 76.47 0.00 0.00
VdWContact  0.00 35.06 53.14 0.00 0.00
GLY103 VdWContact 39.56 54.24 0.00 0.00 0.00
LEU104 Hydrophobic  95.30 90.30 0.00 0.00 0.00
vdwContact  76.32 57.14 0.00 0.00 0.00
SER128 VdWContact  0.00 35.89 0.00 0.00 0.00
ILE130 Hydrophobic  0.00 94.40 73.47 0.00 0.00
VdWContact  0.00 65.53 42.07 0.00 0.00
ILE205 Hydrophobic  0.00 0.00 0.00 0.00 90.51
vdWContact 0.00 0.00 0.00 0.00 34.53
ASN206 HBDonor 0.00 0.00 0.00 0.00 82.83
vdWContact 0.00 0.00 0.00 0.00 85.92
ARG234 HBDonor 0.00 0.00 0.00 0.00 61.77
Hydrophobic ~ 85.31 62.63 0.00 0.00 41.51
VdWContact  40.95 47.15 0.00 0.00 75.84
TYR235 Hydrophobic  0.00 37.46 0.00 0.00 0.00
VdWContact  0.00 0.00 0.00 0.00 56.78
ARG237 HBAcceptor 57.64 0.00 0.00 0.00 0.00
Hydrophobic ~ 48.35 69.33 86.64 0.00 30.53
VdWContact  77.62 45.25 67.79 0.00 45.60
SER238 VdWContact 34.56 87.61 64.40 0.00 77.74
LYS240 Hydrophobic  0.00 30.36 73.97 0.00 0.00

VdWContact  0.00 0.00 50.24 0.00 0.00
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Table 8: Interaction Types per-residues for Wild-type and Mutants 1-4 bound with Saquinavir (%).

Frequency
Residue Interaction Mutant 1 Mutant 2 Mutant 3 Mutant 4 Wild-Type
PRO35 Hydrophobic ~ 43.75 82.57 68.43 80.41 87.41

VdWContact  0.00 72.98 53.34 40.15 35.76
ASP36 HBAcceptor 0.00 0.00 45.65 0.00 0.00
HBDonor 0.00 0.00 60.83 0.00 0.00
Hydrophobic ~ 0.00 0.00 0.00 80.31 89.01
VdWContact  0.00 0.00 79.92 42.05 47.55
ALA38  Hydrophobic  92.00 98.59 0.00 0.00 0.00
vdwContact ~ 37.66 44.67 0.00 0.00 0.00
THR39  Hydrophobic  0.00 70.87 0.00 89.51 91.3
vdwContact ~ 34.76 38.47 0.00 52.74 69.63
GLN102 HBDonor 0.00 83.97 94.10 0.00 93.00
Hydrophobic ~ 0.00 65.38 57.54 52.94 0.00
VdWContact  0.00 95.43 97.20 0.00 98.00
GLY103  HBAcceptor 0.00 59.29 0.00 0.00 0.00
VdWContact  0.00 85.49 0.00 0.00 0.00
LEU104  Hydrophobic ~ 0.00 58.12 98.50 0.00 99.40
VdWContact  0.00 0.00 80.61 0.00 50.64
SER128 HBDonor 0.00 0.00 0.00 61.03 0.00
VdWContact  0.00 0.00 0.00 76.22 83.71
ILE129  Hydrophobic  0.00 0.00 0.00 87.61 44.85
vdWContact 0.00 0.00 0.00 58.94 55.94
ILE130 HBAcceptor 0.00 0.00 0.00 0.00 55.94

Hydrophobic ~ 0.00 30.52 98.10 92.30 96.60
VdWContact  0.00 32.28 61.73 70.22 87.21

ILE205  Hydrophobic  0.00 0.00 83.11 76.22 94.20
ASN206  HBAcceptor  0.00 0.00 0.00 0.00 55.94
ASN209  Hydrophobic  0.00 0.00 0.00 95.10 0.00

vdWContact  0.00 0.00 0.00 47.65 0.00

ARG234  Hydrophobic  0.00 71.46 46.05 0.00 0.00
VdWContact  0.00 0.00 0.00 0.00 47.35

TYR235  Hydrophobic  0.00 0.00 75.82 0.00 0.00
VdWContact  0.00 0.00 30.96 0.00 0.00

ARG237  HBAcceptor  0.00 38.12 0.00 0.00 0.00
Hydrophobic ~ 0.00 94.85 97.50 88.61 0.00

PiCation 0.00 31.92 0.00 0.00 0.00

VdWContact  0.00 70.87 92.50 44.75 0.00

SER238 HBDonor 0.00 0.00 0.00 51.54 66.23
VdWContact  0.00 34.38 73.02 92.40 90.50

LYS240  HBAcceptor 0.00 0.00 0.00 0.00 0.00
Hydrophobic ~ 95.40 33.45 0.00 73.32 82.81
VdWContact  66.63 0.00 0.00 46.35 30.16

SER264  VdWContact  0.00 0.00 35.76 0.00 0.00

THR/ILE266 Hydrophobic  0.00 0.00 70.02 0.00 0.00
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