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Abstract 

COVID-19 pandemic significantly disrupted global economies, health systems, and people’s social 

lives. To this day, some countries still report new cases of COVID-19 infections supporting the need 

for therapeutic strategies to combat this disease, targeting conserved regions within the viral proteins 

and key host proteins involved in viral entry and replication. This study is built on a previous 

publication that virtually screened for small molecules strongly binding to the HSPA8–spike protein 

complex through molecular docking simulations. The current study aimed to provide in-depth 

insights into the ligand-mediated disruptions of the HSPA8–spike protein complex, focusing on 

NSC36398 and NSC281245 small molecules. An all-atom molecular dynamics simulation was 

performed using GROMACS v2018.6 to determine the dynamic behaviour of the HSPA8–spike 

protein complex in ligand-free and ligand-bound systems. Post-MD analysis was performed using 

various tools and software, focusing mainly on structural analysis, conformational dynamics 

analysis, interaction analysis, and binding free energy calculations. The post-MD analysis validated 

the previous docking results, highlighting NSC36398 and NSC281245 as promising HSPA8–spike 

protein complex inhibitors. NSC36398 displayed a modest and stable binding interaction 

characterised by multiple hydrogen bonds and allosterically destabilising the HSPA8–spike protein 

interaction surface. NSC281245 displayed strong binding to the protein complex with minimal 

allosteric disruption. These findings suggest that NSC36398 is a promising allosteric inhibitor for 

HSPA8–spike protein complex, and NSC281245 is also a promising candidate, providing a 

framework for designing next-generation small-molecule compounds with inhibitory properties 

towards the host-viral interaction. 

Keywords: SARS-CoV-2 spike protein; heat shock protein; molecular dynamics simulations 

 

1. Introduction 

Virus to fuse with the host cell membrane. The spike protein is cleaved into S1 and S2 subunits, 

allowing the spike's S1 subunit, which has the receptor-binding domain (RBD), to interact and bind 

with ACE2, mediating viral entry [4]. 

SARS-CoV-2 as a pathogen lacks the necessary components for replication within the host. 

Hence, the virus depends on the host biomolecules for its survival and propagation. Heat shock 

proteins (HSPs) are molecular chaperones primarily targeted by viruses and pathogens. Heat shock 

proteins are regarded as 'housekeepers’ and/or ‘guardians of protein homeostasis' because of the 

pivotal roles they play in maintaining cell homeostasis, protecting cells from harsh conditions, 
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assisting in protein folding, and presenting immune and inflammatory compounds [5]. HSPs are 

classified according to molecular weight, with HSP70 being the most studied molecular chaperone. 

Its counterparts, known as heat shock cognates, are expressed under non-stress conditions. For 

example, heat shock cognate (HSC70), which is also known as heat shock 70 kDa protein 8 (HSPA8), 

plays vital roles in regulating protein translocation, protein quality control, and the refolding of 

misfolded proteins [6,7]. 

Numerous studies have established that HSPA8 is one of the key molecular chaperones hijacked 

and manipulated by viruses at various stages of the viral life cycle. A study by Paladino et al. (2020)8 

revealed that molecular chaperones HSPA8 and GRP78 bind to the spike glycoprotein on the surface 

of the cell membrane. Comprehensive review studies by Wang et al. (2020)9 and Chen et al. (2024)10 

reviewed that the Dengue virus (DENV) is associated with HSPA8 in facilitating viral entry, in 

addition to the beta-3 integrin, viral envelope glycoprotein E, and GRP78 (BiP). Moreover, HSPA8 

was depicted to participate in the rotavirus invasion, where different strains of rotavirus required the 

involvement of HSPA8 in their multi-step process for entry into epithelial cells [10]. Pre-treating and 

incubating HSPA8 with antibodies to HSPA8 significantly blocked both rotavirus and DENV, as 

reported in studies by Chen et al. (2024)10 and Méndez et al. (1999)11. 

In a study conducted by Zhu et al. (2020)12 which aimed to identify molecules localised at the 

host cell membrane associated with Infectious Bronchitis Virus (IBV), it was determined that HSPA8 

potentially interacts with the IBV and is localised on both chicken tissues and cell membranes. IBV is 

the first coronavirus to be identified. It belongs to the genus gamma-coronavirus in the Coronaviridae 

family and primarily targets chickens. Previous studies showed that IBV uses heparin sulphate (HS) 

and alpha-2,3 sialic acid as binding molecules onto the host cells, but its functional receptor was 

unknown. Zhu et al. (2020)12 employed an immunoprecipitation assay and mass spectrometry 

analysis and identified HSPA8 as the host cell molecule vital to IBV infection. Zhu et al. (2020)12 stated 

that HSPA8 has been identified in previous research studies as a biomolecule localised in the cell 

membrane, which binds with several viruses on the cell surface. 

Another known virus, the Japanese encephalitis virus (JEV), is known to initiate infection via 

clathrin-mediated endocytosis. JEV is a flavivirus transmitted by mosquitoes that causes human 

encephalitis. The virus is known to enter cells via clathrin-mediated endocytosis. The virus receptor 

on C6/36 mosquito cells has not yet been identified. In a study by Ren et al. (2007)13, HSC70 found on 

the C6/36 cell membrane was recognised as a possible receptor that promotes JEV entry into these 

cells. Subsequent studies have indicated that at 4℃, there was no notable change in the viral RNA 

levels in both non-knockdown and HSC70 knockdown C6/36 cells. However, at 28°C, HSC70 

knockdown cells exhibited reduced viral RNA levels [10]. 

Moreover, there was a significant decrease in the number of acidic vesicles when HSC70 was 

knocked down, which suggests that HSC70 does not function as a receptor, as it does not impact the 

attachment of JEV to the C6/36 cell surface. Instead, HSC70 plays a role in the later stages of clathrin-

mediated endocytosis, specifically during the final stages of JEV uncoating. HSC70 facilitates the 

release of viral RNA from particles internalised via CCVs or endosomes, which is crucial for viral 

replication. Evidence from the research study suggested that HSPA8 impacts JEV infection in C6/36 

cells, but no conclusive experimental evidence demonstrates a direct interaction between JEV 

proteins and HSC70 [14]. 

No other paucity of research has been conducted to identify novel selective hits that may interact 

with the HSPA8–spike protein complex. Our previous studies depicted that the SARS-CoV-2 spike 

glycoproteins form multiple extensive bonds with molecular chaperone HSPA8, thereby forming a 

stable complex (HSPA8–spike protein complex) [15,16]. From our virtual screening through ADMET 

analysis, molecular docking simulations and Prime Molecular Mechanics with Generalized Born and 

Surface Area solvation (MM/GBSA), two naturally occurring compounds from literature [16,17], 2-

(3,4-Dihydroxyphenyl)-3,6,7-trihydroxy-2,3-dihydro-4H-chromen-4-one (NSC36398) and mevastatin 

(NSC281245) were depicted as promising inhibitors for the protein complex. Key residues (positions 

1014−1023 and 1035−1068) making part of the S2 central helix and β-hairpin were determined as the 
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residues involved in the interactions with NSC36398 and NSC281245. These regions have been 

reported to have high structural and sequence conservation among β-coronaviruses, meaning that 

small-molecule binders to these regions retain inhibitory activities against the wild-type and future 

variants [16]. 

In this study, an all-atom molecular dynamics (MD) simulation on the wild-type ligand–free 

system (apo state) of the HSPA8–spike protein complex (protein) and the ligand–bound system 

(protein–NSC36398 complex and protein–NSC281245 complex) (holo state) was performed to study 

the dynamics of proteins and protein complexes as a function of time, analysing the flexibility 

behaviour of proteins and interactions in protein complexes. Post-MD analysis focused on structural 

analysis, conformational dynamics analysis, interaction and exposure analysis, and binding free 

energy calculations. 

2. Results 

2.1. Initial Post-MD Analysis: KDE and C-alpha RMSD Analysis 

Figure 1 shows the Kernel Density Estimation (KDE) plots of the three systems: ligand-free 

(Figure 1a), NSC36398–bound (Figure 1b), and NSC281245–bound systems (Figure 1c) generated 

from the last 50 ns of the simulation. The ligand–free KDE peaks were tightly clustered around 0.48 

nm to 0.7 nm, approximately. Slight shifts were observed in the ligand–bound systems KDE peaks, 

which clustered approximately around 0.6 nm to 1.1 nm (NSC36396-bound system; Figure 1b) and 

0.49 nm to 1.1 nm (NSC281245–bound system; Figure 1c). 

 

Figure 1. Kernel Density Estimation plots for (a) Ligand–free system, (b) NSC36398–bound system, and (c) 

NSC281245–bound system, the last 50 ns of the simulation trajectory. 

Over the last 50 ns of the simulation trajectory, the ligand–free system (Figure 2) showed an 

average RMSD value of 0.623 nm with fluctuations between approximately 0.50 and 0.70 nm. In 

contrast, the NSC36398–bound system (Figure 2) showed an average RMSD value of 0.733 nm. 

NSC281245–bound system (Figure 2) displayed an average RMSD value of 0.694 nm. The 

NSC281245–bound system Cα-RMSD plot fluctuated with occasional transient spikes approaching 

1.0 nm 
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Figure 2. The captured Cα-RMSD plots of the ligand–free system, NSC36398–bound system, and NSC281245–

bound system, generated using gmx rms of the last 50 ns, showing the equilibration phase of the MD simulations 

referencing their initial structures. 

2.2. Structural Analysis 

2.2.1. Cα-RMSD Analysis of Functional Domains: HSPA8 SBD 

Cα-RMSD analysis was performed on the human HSPA8 substrate-binding domain (SBD) from 

residue positions 405 to 495 to understand this domain's structural behaviour throughout the 

simulation (Figure 3). Figure 3 illustrates the ligand–free system’s captured Cα-RMSD plot (red), 

showing relatively higher structural fluctuations than the two ligand–bound systems, with an 

average RMSD value of 0.168 nm (from approximately 0.13 to 0.21 nm). In contrast, the NSC36398–

bound system exhibited the lowest RMSD values, with an average RMSD value of 0.140 nm 

(approximately 0.13 to 0.17 nm). The NSC281245–bound system captured Cα-RMSD plot displayed 

intermediate fluctuations with an average RMSD value of 0.158 nm (ranging from approximately 0.14 

to 0.19 nm) 

 

Figure 3. Captured Cα-RMSD plots of the HSPA8 SBD (amino acid residue positions 405 to 495) of the ligand–

free system, NSC36398–bound system, and NSC281245–bound system about their initial structures. 
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2.2.2. Cα-RMSD Analysis of Functional Domains: Spike Chain A and B RBD 

The chain A SARS-CoV-2 spike protein receptor-binding domain (residue positions 455 to 495) 

was involved in interactions with the host HSPA8. Hence, the Cα-RMSD plots of this RBD portion 

were generated from both ligand–free and ligand–bound systems. The ligand–free system exhibited 

the lowest RMSD values, with an average RMSD value of 0.123 nm (ranging from approximately 0.1 

to 0.19 nm) (Figure 4a). In contrast, the NSC36398–bound system (Figure 4a) exhibited the highest 

average RMSD value of 0.202 nm. The NSC36398–bound system had fluctuations between 0.15 and 

0.23 nm with frequent peaks above 0.25 nm. The ligand binding of NSC281245 displayed intermediate 

behaviour, with an average RMSD value of 0.179 nm oscillating between 0.1 and 0.22 nm, frequently 

reaching maxima peaks above 0.22 nm but below 0.25 nm (Figure 4a). 

 

Figure 4. Captured Cα-RMSD plots of the (a) spike protein’s chain A RBD (amino acid residue positions 455 to 

495), (b) spike protein’s chain B RBD (residue positions 333 to 371) from the ligand–free system, NSC36398–

bound system and NSC281245–bound system, with reference to their initial structures. 

The spike protein’s chain B region, from residue 333 to 371, interacted with the host molecular 

chaperone. Figure 4b illustrates the captured Cα-RMSD plots of the ligand–free, NSC36398–bound, 

and NSC281245–bound systems’ chain B RBD from the last 50 ns of the simulation. The ligand–free 

system displayed a stable RMSD profile with an average RMSD value of 0.117 nm, fluctuating 

between 0.11 and 0.13 nm. In contrast, the NSC281245–bound system demonstrated an average 

RMSD value of 0.121 nm. In contrast, the NSC36398–bound system demonstrated the lowest average 

RMSD value of 0.108 nm, with deviations consistently below 0.12 nm except for the interval between 

155 ns and 160 ns, where it peaked at 0.16 nm. 

2.2.3. Cα-RMSD Analysis of Functional Domains: Binding Pocket Relative to NSC36398 and 

NSC281245 

The local structural dynamics of the binding pocket residues relative to each ligand were 

analysed using amino acid residues within 5 Å  of the ligand. Within 5 Å  of the ligand NSC36398, a 

total of 16 amino acid residues were identified which included ALA1016, ARG1019, ALA1020, 

ASN1023, LEU1024 and THR1027 from chain A of the spike protein, ALA1016 and ALA1020 from 

chain B, and ALA1016, GLU1017, ALA1020, SER1021, LEU1024, LYS1028, ARG1039 and PHE1042 

from chain C of the spike protein (Figure 5a). 
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Figure 5. Structural representation of the binding pocket residues within 5 Å  of the ligand in (a) NSC36398–

bound system, (b) NSC281245–bound system. 

A total of 22 amino acid residues were identified within 5 Å  of the ligand NSC281245, including 

residues ALA1016, GLU1017, ARG1019, SER1021, ASN1023, LEU1024, THR1027 and PHE1042 from 

the spike protein’s chain A, ALA1016, GLU1017, ARG1019, ALA1020, SER1021, ASN1023, LEU1024 

and THR1027 from chain B and lastly, ALA1016, ALA1020, SER1021, ASN1023 and LEU1024 from 

chain C (Figure 5b). 

Figure 6a shows the captured RMSD plots of the binding pockets relative to NSC36398. The 

ligand–free system binding pocket relative to NSC36398 displayed a lower average RMSD value of 

0.058 nm, oscillating mostly around 0.045 and 0.065nm (Figure 6a). On the other hand, the NSC36398–

bound system displayed an average RMSD value of 0.0674 nm with some fluctuations extending 0.1 

nm (Figure 6a). Figure 6b illustrates the RMSD of the binding pocket relative to NSC281245. The 

ligand–free system had an average RMSD value of 0.056 nm, with fluctuations predominantly 

between 0.05 and 0.07 nm. Upon NSC281245 binding to the binding pocket, the RMSD plot was 

slightly reduced, with an average RMSD value of 0.052 nm, fluctuating between 0.04 and 0.065 nm 

(Figure 6b). 

 

Figure 6. Captured Cα-RMSD plots of the binding pocket of the Ligand–free system and ligand–bound systems 

within 5 Å  of (a) NSC36398, and (b) NSC281245 relative to the initial structure. 

2.2.4. Cα-RMSF Analysis of Functional Domains: HSPA8 SBD 

Root mean square fluctuations (RMSF) were carried out on the alpha-carbons (Cα) atoms of each 

of the functional domains, such as the substrate-binding domain (SBD) of the human HSPA8, the 

receptor-binding domain of the SARS-CoV-2 spike protein chains and the binding pocket residues 

relative to each ligand of interest. In addition to the RMSD, the structural dynamics of the HSPA8 

SBD in the protein complex in both ligand–free and ligand–bound states were further analysed using 
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RMSF. Figure 7 illustrates the RMSF of the human HSPA8 SBD in the ligand–free and ligand–bound 

system. The RMSF plot of the ligand–free system demonstrated moderate residue-level fluctuations 

(average RMSF value of 0.055 nm), with notable peaks around residues 405–412 (the SBD-linker 

junction), 430–435 (β-subdomain), 480–483 (β6-β7 loop) and 489–495 (β-strand 7). 

 

Figure 7. Captured Cα-RMSF plots of the HSPA8 SBD (residue positions 405 to 495) from the ligand–free system, 

NSC36398–bound system and NSC281245–bound system. 

The NSC36398–bound system RMSF profile (Figure 7), however, indicated a localised increase 

in residue fluctuations between residue positions 405–410 (the SBD-linker junction), 430–437 (the β-

subdomain essential for substrate binding), 450–453 (loop between β4-β5), 462–473 (contributing to 

co-chaperone interactions and structural stability), (β5-β6 regions), and 480–485 (β6-β7 loop) (Figure 

7) with an average RMSF of 0.069 nm. On the other hand, the NSC281245–bound system displayed 

an intermediate average RMSF value of 0.553 nm, with its RMSF profile closely resembled that of the 

ligand–free system, with peaks at residue positions 405–410, 430–437, 450–453, 450–453, 462–473, and 

residue position 480–485. 

To determine structural changes over time, the 3D structures of the chaperone’s SBD were 

extracted at 0 ns, 150 ns and 200 ns in both ligand–free and ligand–bound systems and superimposed 

using PyMOL (Figure 8). In the ligand–free system, the central SBD β-sandwich remained well-

superimposed in all three snapshots. The SBD-linker junction showed an inward compaction and 

relaxation matching the peaks observed at 405–412 in Figure 8a. The β-strand 2 substrate groove (430–

435) showed an outward shift at 150 ns, partially retracting at 200 ns. The β6–β7 loop (480–483) swung 

outward at 150 ns, followed by a return toward the core, and the β7 (489–495). 
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Figure 8. Structural representation of the superimposed human HSPA8 substrate-binding domain in the (a) 

ligand-free, (b) NSC36398–bound systems and (c) NSC281245–bound system protein deviations with time. The 

structures were extracted from 0 ns (green), 150 ns (purple) and 200 ns (pink). 

The superimposed structures from the NSC36398–bound system displayed that the SBD β-

sandwich maintained its rigidity with minimal inter-strand deviations (Figure 8b). In the NSC36398–

bound system, the compaction seen in the apo system is almost completely annulled, and the residues 

405–410 closely overlap each other in all three structures. The β2 substrate groove (430–437) exhibited 

increased flexibility in the NSC36398–bound system, and the β6–β7 loop exhibited reduced motions 

(Figure 8b). 

From the RMSF profile, the NSC281245–bound system displayed an intermediate average RMSF 

value of 0.553 nm. The superimposed structures from the NSC281245–bound structure displayed a 

rigid β-sandwich as in the other systems (Figure 8c). The SBD-linker junction at residue positions 

405–410 displayed a mix of overlapping and deviated conformations across the three conformations. 

The β2 substrate groove in the NSC281245–bound system displayed a stable conformation with 

minimal deviations compared to that observed in the NSC36398–bound system. NSC281245 binding 

resulted in reduced excursions of the β6–β7 loop. 

2.2.5. Cα-RMSF Analysis of Functional Domains: Spike Chain A and B RBD 

The Cα-RMSF plot of the receptor-binding domain (RBD) of chain A demonstrated notable 

variation in flexibility between the ligand–free and ligand–bound states (Figure 9a). The ligand–free 

system exhibited mild fluctuations throughout the region, with an average RMSF value of 0.060 nm, 

peaking at amino acid residue positions 475 to 477 and 481 to 483. NSC36398 binding increased local 

residue mobility (with an average RMSF value of 0.087 nm), particularly peaking between residues 

481 and 485, depicting enhanced local flexibility. In contrast, NSC281245 binding exhibited reduced 
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fluctuations relative to NSC36398–bound system (with an average RMSF value of 0.062 nm). 

Compared to NSC36398 binding, NSC281245 binding results in greater stabilisation of the 

glycoprotein chain A’s RBD (Figure 9a). 

 

Figure 9. Captured Cα-RMSF of the (a) spike protein’s chain A RBD (residue positions 455 to 495) (b) spike 

protein’s chain B RBD from the ligand–free system, NSC36398–bound system and NSC281245–bound system. 

Figure 9b provided valuable insights into the residue flexibility over time of residue positions 

333 to 371 of chain B RBD. In the ligand–free system, the RMSF values ranged from approximately 

0.039 nm to 0.122 nm, with peaks at residue positions 340, 344 to 346, 358 and 370 (with an average 

RMSF of 0.057). The binding of ligand NSC36398 induced increased residue-level fluctuation, 

particularly around residues 337 to 341, 355 to 360 and 362 to 369. The captured RMSF of the 

NSC36398–bound system (Figure 9b) exhibited fluctuations spanning from 0.04 nm to 0.103 nm, with 

an average RMSF value of 0.065 nm. In contrast, NSC281245 binding displayed a relatively stable 

RMSF profile ranging from 0.037 nm to 0.101 nm with an average RMSF value of 0.052 nm (Figure 

9b). NSC281245 displayed RMSF values that remain significantly lower than those of the ligand–free 

and NSC36398–bound system. In the NSC281245–bound system, residues 344–346 exhibit 

identifiable RMSF peaks (~0.062–0.081 nm), still lower than those observed in both the ligand–free 

system (0.039–0.122 nm, mean 0.057 nm) and the NSC36398–bound system (0.040–0.103 nm, mean 

0.065 nm). 

The structural changes of chain A RBD over time were assessed by superimposing structures 

extracted at 0 ns (green), 150 ns (red), and at 200 ns (beige) from both ligand–free and ligand–bound 

systems (Figure 10). Analysis of the ligand–free RBD from chain A (Figure 10a) displayed reversible 

fluctuations with no persistent distortions. The receptor-binding motif (residues 456–459) remained 

tightly clustered across 0 ns, 150 ns and 200 ns with RMSF peaking modestly at approximately 0.073 

nm. The adjacent loops at positions 467–469 and 470–472 gradually tightened by 200 ns, consistent 

with the observed slight decrease in loop-to-core separation. The β-sheet segment of the RBD (at 

residue positions 475–479 transiently opened at 150 ns, which then partially recovered by 200 ns. The 

disulphide-anchored region, made up of residues 480–483, displayed a structural deviation at 150 ns 

with structures at 0 ns and 200 ns remaining relatively superimposed, confirming its role as a rigid 

scaffold. 
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Figure 10. Structural representation of the superimposed chain A RBD in the (a) ligand-free, (b) NSC36398–

bound systems, and (c) NSC281245–bound system protein deviations with time. The structures were extracted 

from 0 ns (lime green), 150 ns (red) and 200 ns (beige). 

The RBM core (residues 456–460) in the NSC36398–bound system (Figure 10b) deviated from 

the 0 ns conformation at both 150 ns and 200 ns, corresponding to a pronounced RMSF peak. The β-

sheet section (residues 475–477) fully disassembled, detaching from its original framework. The 

disulphide-anchored loop (residues 480–491) gradually elongated throughout time, with its midpoint 

migrating outward. The extreme C-terminus (residues 493–495) displaced outward simultaneously 

with the disulphide loop (Figure 10b). In contrast, the RBM (456–460) in the NSC281245–bound 

system remained mostly superimposed (Figure 10c). The adjacent loop at residues 469–472 showed 

a transient separation at 150 ns that reverts to a near-baseline by 200 ns. The co-chaperone-interface 

region (residues 462–467) and the C-terminal tail at residues 489–495 exhibited higher flexibility. 

Structural changes of the spike’s chain B residues were also assessed in both ligand–free and 

ligand–bound systems (Figure 11). The ligand–free system (Figure 11a), the chain B RBD exhibited 

moderate but distinct conformational flexibility across key loops and regions. The β-sheet motif 

(residues 335–347) revealed pronounced conformational mobility. The region 364–371 underwent 

reversible displacements shown by the divergence at 150 ns, which was followed by a partial re-

alignment by 200 ns. Similarly, the β-strand region 356–360 underwent a minor reversible 

displacement, which is evidenced by a similar divergence at 150 ns, followed by re-alignment at 200 

ns (Figure 11a). 
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Figure 11. Structural representation of the superimposed chain B RBD in the (a) ligand-free, (b) NSC36398–

bound systems, and (c) NSC281245–bound system protein deviations with time. The structures were extracted 

from 0 ns (lime green), 150 ns (red) and 200 ns (beige). 

In contrast, residues 333–347 from the NSC36398–bound system (Figure 11b) displayed a 

persistent divergence across 150 ns (red) and 200 ns (beige), with minor reversals to the initial 

structure (0 ns). NSC36398 binding also propagated enhanced flexibility of β3 (residues 353–360), 

which was characterised by loop separation (deviation of 150 ns and 200 ns from the initial structure). 

The region consisting of residues 365–371 displayed a C-terminal displacement at 200 ns. NSC281245 

binding resulted in the stabilisation of the majority of RBD regions (Figure 11c). Residues 333–347 

exhibited minimal structural deviations, supported by the observed RMSF values, notably lower than 

those in the ligand–free and NSC36398–bound systems. While residues 365–371 from Figure 11c 

retained minor flexibility, residues 353–361 displayed a somewhat rigidified character, characterised 

by notable structural deviations, especially at 150 ns, that reverted to the initial structure by 200 ns. 

2.2.6. Cα-RMSF Analysis of Functional Domains: Binding Pocket Residues Relative to NSC36398 

and NSC281245 

This study performed Cα-RMSF analysis relative to the ligands NSC36398 and NSC281245 using 

amino acid residues found within 5 Å  of each ligand. Figure 12 shows the captured Cα-RMSF of the 
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residues within 5 Å  of each ligand in both ligand–free and ligand–bound systems. The captured Cα-

RMSF analysis revealed apparent differences between the ligand–free (average RMSF of 0.037 nm) 

and NSC36398–bound simulations (average RMSF of 0.039 nm) (Figure 12a). In Figure 12a, residues 

ALA1019 and ALA1020 from chain A, ALA1016 from chain B, and ALA1016, GLU1017 and LYS1028 

from chain C demonstrated a decreased fluctuation (became constrained) in the presence of 

NSC36398 compared to that of the ligand–free system. In the apo-state of the system, residues 

ALA1019 and ALA1020 from chain A, ALA1016 from chain B, and ALA1016, GLU1017 and LYS1028 

exhibited elevated RMSF values. 

 

Figure 12. Captured per-residue Cα-RMSF of the binding pocket of the ligand–free system and the NSC36398–

bound system within 5 Å  of the (a) NSC36398 small-molecule compound and (b) NSC281245 small-molecule 

compound. 

While notable ligand-induced rigidifications were noted in key residues, the holo-state Cα-

RMSF profile also revealed increased residue-level fluctuations. Particularly, chain A amino acid 

residues ALA1016, ASN1023, LEU1024 and THR1027; chain B amino acid residues ALA1020; and 

chain C amino acid residues ALA1020, SER1021, LEU1024, ARG1039 and PHE1042 all showed 

increased mobility upon NSC36398 binding, mirroring the mixed fluctuation/rigidity behaviour 

(Figure 12a). 

Figure 12b illustrates how NSC281245 binding alters local residue behaviour within the 

identified S2 subunit binding pocket. In the ligand–free state, binding pocket residues demonstrated 

moderate overall fluctuation, with an average RMSF of 0.039 nm. Binding pocket residues fluctuated 

between 0.033 nm and 0.047 nm. In contrast, NSC281245 binding revealed a decrease in RMSF values 

in residues ALA1016, GLU1017, ALA1020, SER1021, LEU1024 and THR1027 from chain A, ARG1019, 

ALA1020, SER1021, ASN1023, LEU1024 and THR1027 from chain B, and lastly ALA1020 and 

SER1021 from chain C (Figure 12b). 

2.2.7. Radius of Gyration Analysis of Functional Domains: HSPA8 SBD 

This study examined the compactness of the human chaperone SBD in complex with the viral 

RBD portion of the spike protein using the gmx gyrate module in both ligand–free and ligand–bound 

systems (Figure 13). The ligand–free system HSPA8 SBD within the protein complex displayed an 

average Rg value of 1.472 nm, fluctuating between 1.444 nm and 1.499 nm. These values indicate 

moderate compactness of the SBD. 
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Figure 13. Captured Rg of the HSPA8 SBD (amino acid residues 405 to 495) of the ligand–free, NSC36398–bound 

and NSC281245–bound systems relative to their initial structures. 

In contrast, NSC36398 binding induced a decrease in the Rg values. The NSC36398–bound 

system had an average Rg value of 1.418 nm, fluctuating between 1.388 nm and 1.455 nm. On the 

other hand, NSC281245–bound system exhibited a slightly higher average Rg value of 1.477 nm, 

fluctuating between 1.452nm and 1.503 nm, relative to the ligand–free system. 

2.2.8. Radius of Gyration Analysis of Functional Domains: Spike Chain A and B RBD 

The radius of gyration of chains A and B RBD was calculated similarly, using the gmx gyrate 

module of GROMACS. Figure 14 shows the Rg plots of chain A RBD (Figure 14a) and chain B RBD 

(Figure 14b) in ligand–free and ligand–bound systems. Ligand–free system’s chain A RBD exhibited 

the lowest average Rg value of 1.206 nm, fluctuating between 1.166 nm and 1.243 nm. NSC36398 

binding to the HSPA8–spike protein complex slightly increased Rg values, with an average Rg of 

1.224 nm and stable fluctuations between 1.172 nm and 1.297 nm. NSC281245–bound system had an 

average Rg value of 1.231 nm and stable fluctuations from 1.195 nm to 1.268 nm (Figure 14a). 

 

Figure 14. Captured Rg of (a) spike chain A RBD (amino acid residues 455 to 495) and, (b) spike chain B RBD 

(amino acid residues 333 to 371) of the ligand–free, NSC36398–bound and NSC281245–bound systems relative 

to their initial structures. 

Figure 14b displays the Rg profiles of the complex’s spike protein chain B in its apo–state with 

SBD, and its holo–state. Ligand–free system displayed an average Rg value of 1.223 nm, fluctuating 

within the range of 1.230 nm and 1.248 nm. In contrast, NSC36398 binding resulted in slightly higher 

average Rg values of 1.230 nm, fluctuating within the range of 1.197 nm to 1.270 nm. The NSC281245–
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bound system Rg profile exhibited the highest average Rg value of 1.248 nm, fluctuating between 

1.208 nm and 1.289 nm. 

2.2.9. Radius of Gyration Analysis of Functional Domains: Binding Pocket Relative to NSC36398 

and NSC281245 

The radius of gyration plots (Figure 15) of the binding pocket relative to the ligands NSC36398 

(Figure 15a) and NSC281245 (Figure 15b) revealed distinct structural compactness in both the 

HSPA8–spike protein complex’s apo– and holo–states. Relative to NSC36398, the apo–state binding 

pocket exhibited an average Rg value of 0.960 nm, ranging from 0.932 nm to 0.990 nm. NSC36398–

bound system Rg profile displayed a more compact structure with an average Rg value of 0.901 nm, 

fluctuating from 0.874 nm to 0.927 nm (Figure 15a). 

 

Figure 15. Captured Rg of the binding pocket of the ligand–free system and the ligand–bound systems within 5 

Å  of (a) NSC36398 small-molecule compound, (b) NSC281245 small-molecule compound. 

In the computed Rg profile of the binding pocket relative to NSC281245, ligand–free system 

binding pocket had an average Rg value of 0.913 nm, fluctuating between 0.878 nm and 0.950 nm 

(Figure 15b). Upon NSC281245 binding, the NSC281245–bound system demonstrated an average Rg 

value of 0.858 nm, fluctuating from 0.839 nm to 0.881 nm. In contrast to the NSC36398–bound system, 

NSC281245–bound system demonstrated a low Rg value. 

2.3. Conformational Dynamics Analysis 

2.3.1. HSPA8 Substrate-Binding Domain Principal Component Analysis 

Figure 16 shows the PCA projection plots (PC1 and PC2) of the ligand–free and ligand–bound 

systems’ SBD. The PCA projection plots for the human HSPA8 SBD revealed distinct differences in 

sampled conformational landscapes across all three systems. The apo–SBD PCA projections revealed 

a unimodal distributed, wide ensemble of conformational space starting from 150 ns (purple) to 200 

ns (yellow). In the ligand–free system, the SBD’s PC1 had ~15.9% variance, with PC2 accounting for 

~12.1%, and a cumulative variance of ~28.0% (Figure 16a). 
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Figure 16. Pairwise PCA plots (PC1–PC2) of the human HSPA8 SBD in (a) ligand–free system, (b) NSC36398–

bound system, and (c) NSC281245–bound system. Each marker represents a conformation, and the markers are 

coloured according to the sampling time, i.e., purple at 150 ns and yellow at 200 ns. 

The NSC36398–bound system’s PC distribution shifted towards PC1 as the simulation 

progressed (Figure 16b). The human HSPA8 SBD PC1 from the NSC36398–bound system accounted 

for 40.5% of the variance, and PC2 accounted for 9.3%, capturing a cumulative variance of 49.8%. The 

2D projections of the NSC36398–bound system displayed a bimodal distribution, indicating reduced 

conformational diversity. In contrast, NSC281245–bound system’s SBD PC1 (14.0%) and PC2 (10.3%) 

(Figure 16c). The NSC281245–bound system exhibited a cumulative variance of 24.3%, lower than 

that of the ligand–free and NSC36398–bound systems. The 2D projections of the NSC281245–bound 

system revealed two moderately separated clusters: at early frames (approximately frame 2000) and 

late frames (approximately 4000–5000). 

2.3.2. Spike Protein Chain A Receptor-Binding Domain Principal Component Analysis 

Across all three systems, the PC1–PC2 of viral chain A RBD displayed the most dominant 

motions and accounted for the most significant cumulative variance. The PCA projections of the chain 

A RBD in the ligand–free system (Figure 17a) displayed a unimodal and continuous conformational 

ensemble. In the ligand–free system, chain A RBD’s PC1 accounted for 29.1% of the variance, and 

PC2 captured 12.2%. Chain A RBD sampled a cumulative variance of 41.3%. NSC36398 binding to 

the viral S2 subunit in the HSPA8–spike protein complex induced a bimodal conformational 

ensemble in the chain A RBD, shifting mostly towards PC1 (Figure 17b). In the NSC36398–bound 

system, PC1 accounted for 31.6% of the variance, and PC2 accounted for 21.7%. The PCs accounted 

for a cumulative variance of 53.3%, higher than that exhibited in the ligand–free system (with a 

cumulative frequency of 41.3%). 

 

Figure 17. Pairwise PCA plots (PC1–PC2) of the SARS-CoV-2 spike protein chain A RBD in (a) ligand–free 

system, (b) NSC36398–bound system, and (c) NSC281245–bound system. 

In contrast, the NSC281245–bound system’s PCA projections exhibited distinct conformational 

preferences with a more complex conformational distribution. PC1 is still a significant component in 

the system, but the chain A RBD explores a restricted range of conformations across the two 

components. PC1 accounted for 22.3% of the variance and PC2 accounted for 16.8%, with a 

cumulative variance of 39.1%. The PCA projections of the NSC281245–bound system (Figure 17c) 

exhibited two preferred conformational clusters, which aren’t separated as those of the NSC36398–

bound system. 

2.3.3. Spike Protein Chain B Receptor-Binding Domain Principal Component Analysis 

The PCA of spike chain B RBD indicated that PC1–PC2 primarily captured the most significant 

combined variance across (Figure 18). In the ligand–free system (Figure 18a), PC1–PC2 projection 

(cumulative variance of 34.9%) displayed a bimodal conformational distribution along PC1 

(accounting for 20.6%), with PC2 (accounting for 14.3%) tightly constrained. Interestingly, NSC36398 
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binding shifted the PCA distribution from the bimodal conformation depicted in the ligand–free 

system to three compact clusters in PC1–PC2 (cumulative variance of 35.7%) (Figure 18b). 

 

Figure 18. Pairwise PCA plots (PC1–PC2) of the SARS-CoV-2 spike protein chain A RBD in (a) ligand–free 

system, (b) NSC36398–bound system, and (c) NSC281245–bound system. 

From the PCA calculations of the chain B RBD in the NSC36398–bound system, PC1 accounted 

for 22.4% of the variance, and PC2 accounted for 13.3%. In contrast, NSC281245 binding resulted in 

a moderate modulation of chain B RBD, as shown in Figure 18c. In the NSC281245–bound system, 

chain B RBD displayed a unimodal distribution while maintaining a dynamic heterogeneity. PC1–

PC2 (cumulative variance of 27.0%) exhibited a dampened conformational distribution, showing the 

overlap between the early and late frames. 

2.3.4. Principal Component Analysis of the HSPA8–Spike Protein Complex Binding Pocket Relative 

to NSC36398 

In both systems, PC1–PC2 captured the most significant cumulative variance (Figure 19). In the 

ligand–free system (Figure 19a), PC1–PC2 of the binding pocket located on the S2 subunit sampled a 

broad, unimodal isotropic cloud with no distinct clustering. PC1 accounted for 17.7% of the variance, 

and PC2 accounted for 10.9% (cumulative variance 28.6%). In the NSC36398–bound system (Figure 

5.26b), PC1–PC2 projection (cumulative variance 28.5%) displayed a slight narrowing along PC1 

(16.0%) and a weak temporal shift along PC2 (12.5%). 

 

Figure 19. Pairwise PCA plots (PC1–PC2) of the binding pocket located at the S2 subunit of the viral protein 

relative to NSC36398 in (a) ligand–free system, (b) NSC36398–bound system. 

2.3.5. Principal Component Analysis of the HSPA8–Spike Protein Complex Binding Pocket Relative 

to NSC281245 

As in the NSC36398 binding pocket principal component analysis, PC1–PC2 projections of the 

binding pocket relative to NSC281245 were the primary view in both systems. In the ligand–free 

system’s binding pocket, PC1 projection accounted for 18.4% of the variance, and PC2 accounted for 

12.4%, giving a total cumulative variance of 30.8%. PC1–PC2 projection exhibited conformational 
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heterogeneity with no dominant clusters, indicating high-apo state flexibility with no stable sub states 

(Figure 20a). 

 

Figure 20. Pairwise PCA plots (PC1–PC2) of the binding pocket located at the S2 subunit of the viral protein 

relative to NSC281245 in (a) the ligand–free system and (b) the NSC281245–bound system. 

In contrast, NSC281245 induced moderate local rearrangement, dampening amplitude motions 

captured by PC1, whilst retaining significant secondary flexibility. PC1 of the NSC281245–bound 

system accounted for 14.6% of the variance, and PC2 accounted for 14.7%. PC1–PC2 (cumulative 

variance of 23.6%) of the holo binding pocket indicated a reduced conformational heterogeneity 

(Figure 20b). Compared to the PC1–PC2 (cumulative variance of 30.8%) projections from the 

NSC36398–bound system, there are no transparent temporal gradients along PC1 or PC2. 

2.4. Interaction Analysis 

2.4.1. Analysis of Hydrogen Bond Interactions between the S2 Binding Pocket and NSC36398 

This study counted the number of hydrogen bonds present throughout the last 50 ns. Three 

complementary representations, as shown in Figure 22, were generated from the hydrogen bond 

interaction analysis. From Figure 22a, an average hydrogen bond count of around 3–4 was identified 

from the NSC36398–bound system’s hydrogen bond interaction. NSC36398 formed 1–3 hydrogen 

bonds with the S2 binding pocket for most of the simulation trajectory. Between ~155–175 ns, the 

number of hydrogen bonds rose to 4–5, which indicated a portion of enhanced polar 

complementarity. After ~175 ns, the number of hydrogen bonds stabilises again around 1–3. 
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Figure 21. Temporal analysis of hydrogen-bond interactions between the HSPA8–spike protein complex and the 

small-molecule ligand NSC36398 (a) Number of inter-molecular hydrogen bonds detected over the 150–200 ns 

trajectory simulation. (b) Number of donor–acceptor atom pairs within 0.35 nm over the same timeframe. (c) 

Existence map of individual hydrogen bonds (indexed 1–18). 

Figure 22b shows the calculated donor-acceptor atom pairs within 0.35 nm over the 150–200 ns 

trajectory. The image highlighted transient close contacts beyond the defined hydrogen bonds. 

Significant fluctuations were exhibited from the generated donor-acceptor atom pairs within 0.35 nm, 

indicative of variability in atom pair interactions. The number of atom pairs varied widely, from 0 to 

10. Figure 22c displayed an occupancy of hydrogen bonds, which ranged between 0 % and 100 % 

throughout the simulation. The hydrogen bond existence map exhibited persistent hydrogen bonds 

with high occupancy (H-bond index 0 and 9). Other hydrogen bonds exhibited intermediate 

occupancy (H-bond index 5–7), whereas others showed low occupancy (H-bond index 12, 14 and 16). 

2.4.2. Analysis of Hydrogen Bond Interactions between the S2 Binding Pocket and NSC281245 

Three complementary images of the number of hydrogen bonds identified, the atom-pairs 

within 3.5 nm and the hydrogen bond existence map throughout the last 50 ns of the simulation were 

generated from NSC281245 and HSPA8–spike protein complex hydrogen bond interaction analysis 

as shown in Figure 23. NSC281245 formed fewer and more transient hydrogen bonds with the S2 

binding pocket. For most of the 50 ns trajectory, NSC281245 exhibited 0–1 hydrogen bond with 

occasional bursts up to 2–3 bonds that appeared around ~175–180 ns (Figure 23a). 

The number of heavy-atom contacts within 0.35 nm seldom exceeded 1–2 pairs, corroborating 

the limited H-bonding (Figure 23b). Brief peaks of 3–5 atom pairs were observed at ~195–200 ns, 

which aligns with the small H-bond spikes, reflecting tighter ligand packing. The H-bond existence 

map displayed five distinct donor-acceptor pairs indexed at 0–4 (Figure 23c). Only one pair exhibited 

moderate occupancy (~20–30%) of the frames. In contrast, others exhibited sporadic occupancy (less 

than 10%). 
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Figure 22. Temporal analysis of hydrogen-bond interactions between the HSPA8–spike protein complex and the 

small-molecule ligand NSC281245 (a) Number of inter-molecular hydrogen bonds detected over the 150–200 ns 

trajectory simulation. (b) Number of donor–acceptor atom pairs within 0.35 nm over the same timeframe. (c) 

Existence map of individual hydrogen bonds (indexed 1–18). 

2.5. Binding Free Energy Analysis 

2.5.1. gmx_MMPBSA Binding Affinity Estimates 

NSC36398 binding to the protein complex resulted in a modest yet thermodynamically 

favourable binding free energy (ΔGbind = –7.07 ± 0.04 kcal/mol). Energy decomposition of the free 

energy revealed that the ΔGbind of NSC36298 at the S2 binding pocket was driven by strong van der 

Waals (ΔVDWAALS = –10.35 kcal/mol) and electrostatic charged/polar (ΔEEL = –9.45 kcal/mol) interactions. 

The average energy components and their standard errors are summarised in Table 1. 

Table 1. Summarised average energy components and their standard mean errors (SEM) of NSC36398–bound 

system. 

Energy Component 
ΔEnergy (Complex–Receptor–Ligand) 

(kcal/mol) 
SEM 

ΔVDWAALS –10.35 0.05 

ΔEEL –9.45 0.08 

ΔEGB 14.88 0.06 

ΔESURF –2.15 0.00 

ΔGGAS –19.80 0.08 

ΔGSOLV 12.72 0.06 

ΔTOTAL/BIND –7.07 0.04 

However, the favourable gas-phase interactions were neutralised by significant polar solvation 

penalties. The polar solvation energy (ΔEGB) showed a significant unfavourable contribution of 14.88 

kcal/mol. Conversely, the nonpolar solvation energy (ΔESURF) component contributed a modest 

favourable energy of –2.15 kcal/mol. The net solvation free energy (ΔGSOLV = ΔEGB + ΔESURF) was an 

unfavourable 12.72 kcal/mol (Table 1), demonstrating how solvation costs counteract gas-phase 

stabilisation. 

In contrast, NSC281245 binding exhibited a more favourable binding free energy (ΔGbind = –27.63 

±  0.10 kcal/mol) with the S2 binding pocket of the HSPA8–spike protein complex. The 
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decomposition of the free energy revealed that the ΔGbind of NSC281245 at the S2 binding pocket was 

primarily driven by strong van der Waals (ΔVDWAALS of –37.80 kcal/mol) and electrostatic 

charged/polar (ΔEEL = –12.99 kcal/mol). Table 2 summarises the average energy components 

(kcal/mol) and the sample standard error of the mean (SEM) of the NSC281245–bound system. 

Table 2. Summarised average energy components and their standard mean errors (SEM) of NSC281245–bound 

system. 

Energy Component 
ΔEnergy (Complex–Receptor–Ligand) 

(kcal/mol) 
SEM 

ΔVDWAALS –37.80 0.07 

ΔEEL –12.99 0.13 

ΔEGB 28.72 0.11 

ΔESURF –5.56 0.01 

ΔGGAS –50.79 0.14 

ΔGSOLV 23.16 0.11 

ΔTOTAL/BIND –27.63 0.07 

NSC281245–bound system displayed a ΔEGB of 28.72 kcal/mol, which partially counteracts the 

previously mentioned van der Waals and electrostatic interactions. It also exhibited a ΔESURF of –5.56 

kcal/mol, which adds a small favourable component to the binding free energy. The large negative 

van der Waals contribution indicated that hydrophobic contacts dominated NSC281245’s binding to 

the S2 binding pocket. 

2.6. HawkDock Server 2 Binding Affinity Estimates 

The computed MM/GBSA-derived binding free energies (ΔGbind) of the HSPA8–spike protein 

interaction interface in both ligand–free and ligand–bound systems displayed intriguing results, 

indicating the spontaneous formation of the protein complex and the allosteric modulation of small 

molecule binding. The interaction surface of the ligand–free system exhibited a strong ΔGbind of –

76.30 kcal/mol. MM/GBSA-derived binding free energies for the ligand–bound systems revealed 

significant differences in the impact of NSC36398 and NSC281245 on the HSPA8–spike protein 

interface. NSC36398 binding to the S2 subunit significantly weakened the HSPA8–spike protein 

interface binding affinity (ΔGbind = –41.70 kcal/mol). In contrast, NSC281245 binding preserved a much 

stronger SBD–RBD interaction interface affinity (ΔGbind = –76.53 kcal/mol), comparable to the ligand–

free system. 

3. Discussion 

3.1. Insights from Structural Analysis 

The MD simulations demonstrated that all systems remained globally equilibrated with only 

modest fluctuations. The KDE analysis (Figure 1) from the three independent simulation replicates 

of the systems revealed a consistent distribution and reproducibility for each system, signifying stable 

and comparable structural deviations over time [18,19]. The ligand-free system RMSD plot displayed 

an RMSD shift at approximately 155 ns to 160 ns, followed by a return to the initial levels, which is 

suggestive of a brief conformational adjustment which can be linked to intrinsic protein flexibility. 

Similarly, a subtle shift was observed at approximately 195 ns to 198 ns (0.70 nm to 0.85 nm), followed 

by a return to baseline levels, which may potentially suggest transient structural fluctuations [19]. 

Both ligand–bound systems’ overall RMSDs were slightly elevated relative to the ligand–free system, 

indicating enhanced structural flexibility (Figure 1). The lack of significant drifts suggests that all 

systems were structurally equilibrated and retained global stability during the observed course of the 

simulation. These findings aligned with the KDE profiles, corroborating the stability and the 

reproducibility of the simulations [18–20]. 
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Domain-specific analyses revealed distinct ligand effects (Figure 3 – Figure 20). These domains 

included the HSPA8 substrate-binding domain (known for recognising and binding to misfolded and 

unfolded proteins, acting as a chaperone), the spike's receptor binding domain from chain A and 

chain B (responsible for viral attachment to host cell receptors and initiating viral entry), and lastly 

the respective ligand–binding pocket residues 5 Å  within each ligand [21]. Notably, the molecular 

docking simulation results in our previous study showed that the ligands do not bind directly to 

HSPA8 or the viral RBD. Instead, both ligands target the spike protein's S2 subunit in the protein 

complex, at the trimeric interface formed by all three chains of the spike protein [16]. 

NSC36398 binding to the S2 binding site increased the SBD structural rigidity (Figure 3, Figure 

8b and Figure 13), indicating increased stabilisation with local residue fluctuations (Figure 7), 

whereas NSC281245 binding displayed moderate stabilisation upon ligand binding. This depicted 

global stabilisation and local residue fluctuations suggest a long-range allosteric ligand effect on the 

host SBD [22]. The stronger stabilisation effect of the ligand NSC36398 on the chaperone’s SBD 

suggests a more effective allosteric communication pathway than that of NSC281245. This provides 

critical insights into how the ligands of interest binding at distal sites influence the behaviour of the 

interacting partners in the multimeric protein complex [23–25]. 

The spike’s chain A RBD was involved in the formation of intermolecular interactions between 

itself and the HSPA8 SBD using amino acid residues from positions 455 to 495, which makes a portion 

of the RBD and receptor-binding motif (RBM) [4,9,17]. Due to its function and direct interaction with 

the host HSPA8, its structural dynamics were investigated in the absence and presence of a ligand 

(Figure 4). The ligand–free system displayed a relatively stable RBD from both chains A and B. The 

observed stability of the RBD-HSPA8 interface is consistent with previous studies reporting that the 

spike RBD-ACE2 interface also maintains a stable conformation within the native complex [26–28]. 

Due to spike trimer asymmetry and possible differences in interchain exposure and contacts, the 

structural and conformational behaviour of chain B RBD during ligand–binding may differ from that 

of chain A [28]. Ligand binding introduced distinct structural perturbations. NSC36398 induced 

pronounced destabilisation of the viral RBDs, most notably in the chain A RBD and NSC281245 

binding induces molecular flexibility to the viral spike RBD, though weaker than that induced by 

NSC36398 binding (Figure 4a and Figure 14a). 

Although chain B’s RBD also exhibited increased flexibility upon NSC36398 binding (Figure 4b 

and Figure 14b), the effect was substantially less severe than that observed for chain A. NSC281245–

bound system indicated an enhanced flexibility than that of the NSC36398–bound system due to 

allosteric communication from the S2 subunit of the spike protein within the protein complex. This 

suggests that NSC36398 binding induces minimal disruption, in contrast to its considerable 

destabilisation on the chain A RBD. This implies that NSC36398 potentially stabilises the chain B RBD 

due to chain-specific allosteric response within the trimer of the spike protein [29,30]. 

The local structural analysis of the binding pocket identified specific alterations and the key 

amino acid residues situated within 5 Å  of each ligand (Figure 5, Figure 6, and Figure 12) [31]. The 

combined residues identified within 5 Å of each ligand constitute part of the S2 subunit’s central helix 

(residues 986–1035) and the connector domain (residues 1036–1068). Both ligands exhibited 

interactions with multiple conserved residues located within 5 Å  across the spike protein chains, 

specifically, ALA1016, ARG1019, ASN1023, LEU1024, and THR1027 from chain A and ALA1016, 

ALA1020, and LEU1024 from chain B. These shared residues are crucial for binding to the HR1, 

indicating that both ligands might interfere with the helix bundle formation necessary for viral entry 

[32,33]. 

Both ligands exhibited distinct residues within 5 Å  of each ligand. For instance, amino acid 

residues ARG1019, ALA1020, ASN1023 from chain A and GLU1017, LYS1028, ARG1039, PHE1042 

from chain C were found to be in the vicinity of NSC36398’s binding pocket. NSC281245 had the 

following amino acid residues in its binding pocket: GLU1017, SER1021, PHE1042 from chain A, 

GLU1017, ALA1020, SER1021 from chain B; and SER1021, ASN1023 from chain C [16,34]. GLU1017 

(from chain A/B) and PHE1042 (chain A) interact with the ligand NSC281245. On the other hand, the 
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ligand NSC36398 targets LYS1028 and ARG1039 from chain C, which suggests a strong amino acid 

residue specificity and reliance on electrostatic interactions with residues that are positively charged 

[32,33,35]. 

With respect to NSC36398 and NSC281245, the binding pockets in the ligand–free system 

exhibited a lower average RMSD values than those in the ligand–bound systems (Figure 6), 

suggesting a compact and stable binding pocket, expected of the S2 subunit of the spike protein, 

which is in turn supported by the pockets’ compactness (Figure 15) (16-37]. NSC36398 binding 

initiated structural perturbations, due to conformational adjustments in the residues to accommodate 

the introduced ligand (Figure 5b). On the other hand, NSC281245 interacts with a more extensive 

binding pocket (Figure 5b), which results in a more stable binding affinity, indicated by the observed 

rigidity of the binding pocket core residues. However, some residues indicated notable fluctuations 

in the holo state which is attributed to induced-fit adaptations due to NSC281245 binding to the 

binding pocket. 

NSC281245–bound system demonstrated a low Rg value than that of the NSC36398–bound 

system indicating that its binding pocket is more compact. Similarly, the NSC281245–bound system 

demonstrated a low Rg value against the binding pocket of the ligand–free system relative to 

NSC281245. This suggests that ligand binding stabilises the binding pocket, resulting in a more 

compact structure. Overall, rigidifying of the binding pocket due to NSC281245 binding may dampen 

the helical breathing motions that are essential for prefusion to post-fusion transitions, thereby 

inhibiting viral membrane fusion [31,38]. 

3.2. Insights into Conformational Dynamics Analysis 

Conformational dynamic analysis studies how a protein fluctuates over time, relating to a 

protein’s function by capturing its full ensemble motions. According to Monama et al. (2023)19, 

Moradi et al. (2024)39 and Valério et al. (2022)40, the first few mutually orthogonal components known 

as principal components define the direction of maximum variance in the data. Most conformational 

sub states that a particular protein can access are described by the first few eigenvectors (PC1 and 

PC2). This indicates that the key changes and characteristics differentiating the protein’s many sub 

states are captured within the dominating motions that the original eigenvectors capture. 

The chaperone's SBD's principal components (PC), PC1–PC2, displayed the dominant motions 

across all three systems (Figure 16). The apo–SBD unimodal distribution suggests that the SBD in the 

protein complex undergoes continuous conformational sampling and reflects the native dynamic 

equilibrium of the domain (Figure 16a). The cumulative variance of ~28.0%, indicates high-

dimensional data, suggesting that the two principal components were sufficient to describe the 

predominant motions based on the individual PC and cumulative variances [41,42]. 

NSC36398 binding resulted in a 21.8% increase in the captured cumulative variance compared 

to the ligand–free system. Sankar et al. (2015)43 stated that PCs involved in the largest-scale motions 

are associated with the functional mechanism of the protein. NSC36398 binding induced ligand 

stabilisation, locking the SBD and reducing its motion within the HSPA8–spike protein complex. This 

suggests that NSC36398 allosterically induced a hinge-like motion in the protein’s domain, 

potentially influencing the domain’s interaction with the viral protein (Figure 16b). In contrast, 

NSC281245 binding induces a weak allosteric dampening effect towards the HSPA8 SBD, 

interconverting the SBD into two closely related sub states indicated by its low cumulative variance 

and its two moderately separated clusters (Figure 16c). 

The chain A RBD remains a dynamic, potentially due to the transient binding of HSPA8 to the 

viral RBD (Figure 17a). The observed RBD dynamic behaviour aligns with findings by Valério et al. 

(2022)40, who demonstrated in their study that the wild-type RBD dynamics included reversible 

transitions between the ‘open’ and ‘closed’ states of the RBM, supporting the plausibility of the 

observed conformational changes in the current study. NSC36398 binding restricts the range of 

conformational shift of the chain A RBD, inducing it to adopt conformations characterised by PC1 as 

shown in Figure 17b. NSC36398 binding restricts the range of conformational shift of the chain A 
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RBD, inducing it to adopt conformations characterised by PC1, whereas NSC281245 binding induced 

a weaker allosteric constraint on the RBD, resulting in two more pronounced sub-ensembles than the 

ligand–free RBD (Figure 17c). 

As potential HSPA8–spike inhibitors, NSC36398 appeared to amplify the chain A RBD dominant 

motion (PC1), whilst NSC281245 appeared to suppress it. Prior cryo-EM and MD studies depicted 

PC1 of the SARS-CoV-2 spike glycoprotein to be correlated with the RBD’s open/closed 

conformational states [44,45]. The amplified PC1 in the NSC36398–bound system is consistent with 

shifts towards a destabilised open/closed state of the RBD. On the other hand, the observed reduction 

of PC1 in the NSC281245–bound system aligns with a more stabilised open/closed dynamic state. 

These allosteric modulations may alter the RBD’s conformation, disrupting the HSPA8–spike protein 

interaction and potentially compromising viral entry. 

The PCA of spike chain B RBD indicated that PC1–PC2 primarily captured the most significant 

combined variance with a bimodal distribution that is attributed to the open/closed states of the spike 

RBD in the ligand–free system (Figure 18a) as reported in studies by Melero et al. (2021)44 and Ray et 

al. (2021)45. NSC36398 allosterically introduces a third intermediate sub state and channels the viral 

RBD into a narrow conformational state (Figure 18b), likely interfering with the domain’s ability to 

transition between functional states, that is, the open/closed states of the spike RBD previously 

reported by Melero et al. (2021)44. These findings align with RMSD and RMSF results of the chain B 

RBD, where NSC36398 binding induces residue flexibility in some regions but reduces the overall 

sampling of distinct global conformers. 

PCA calculations were performed on Cα residues of the binding pocket relative to NSC36398 in 

both the ligand–free and NSC36398–bound systems using MDM-TASK web (Amamuddy et al., 

2021)41. In the ligand–free system, the S2 subunit retains its dynamic flexibility which was indicated 

by a broad unimodal isotropic cloud with no distinct clusters (Figure 19a). NSC36398 binding 

modestly rigidified the S2 binding pocket, reducing its conformational spread, which may impede 

the S2 subunit’s conformational transitions required for membrane fusion. The observed 

rigidification of the S2 binding pocket supports the dual-stability model of ligand-binding sites 

reported by Luque and Freire (2000)46. The PCA projections in the NSC36398–bound system revealed 

a modest induced-fit adjustment along PC2, describing how NSC36398 binding constraints optimise 

the binding pocket, inducing allosteric effects to the rest of the protein complex (Figure 19b). In 

contrast, NSC281245 induced moderate local rearrangement, with no transparent temporal gradients, 

suggesting that the binding pocket in the NSC281245–bound system retains much of its original local 

flexibility (Figure 20b). 

3.3. Comparison of PCA Behaviour with Literature-Reported SARS-CoV-2 Mpro Inhibitors 

Although this study is the first to characterise PCA-derived conformational dynamics of these 

NCI natural products at the HSPA8–spike protein S2 binding pocket, both NSC36398 and NSC281245 

were initially identified by Durgam and Guruprasad (2023)17 as promising SARS-CoV-2 Mpro 

inhibitors. In their study, PCA was applied to the SARS-CoV-2 Mpro–ligand trajectories to study the 

overall motion of the SARS-CoV-2 Mpro in all simulations using MODE-TASK, similarly applied in 

this study. Their study showed that the NSC36398–bound molecular system had greater 

conformational changes than all the other systems. From their PC1–PC2 projections, SARS-CoV-2 

Mpro–NSC36398 sampled a wider array of conformations, which reflected pronounced induced-fit 

perturbations in the protein’s catalytic site compared to the apo form of SARS-CoV-2 Mpro [17]. 

In contrast, this study provided a domain-level PCA of the HSPA8–spike protein complex, 

which revealed different patterns when these identical ligands were used to target five functional 

domains within the complex. In the HSPA8 SBD, NSC36398 binding funnelled the SBD into two 

tightly clustered ensembles along PC1–PC2. NSC281245 binding partially narrowed the SBD 

conformational distribution, indicating weak allosteric perturbations. In the viral chain A RBD, both 

ligands shifted the RBD conformations. NSC36398 binding induced a bimodal conformational 
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ensemble in the chain A RBD, whereas NSC281245 binding induced a slightly narrowed bimodal 

conformational envelope. 

In the chain B RBD, NSC36398 allosterically induced a trimodal conformational ensemble, 

whereas NSC281245 binding restricted and dampened the observed bimodal distribution into a 

unimodal conformational ensemble. PCA analysis of the S2 binding pocket relative to NSC36398 

displayed a contracted sampling post-binding, with a subtle PC2-axis relaxation indicating an 

induced-fit rearrangement. In contrast, the S2 binding pocket relative to NSC281245 revealed a 

moderate contraction, which denoted minor pocket adjustments. The comparisons above 

underscored that the same small molecule induced divergent conformational signatures. Whereas 

NSC36398 induced greater overall conformational variability in the SARS-CoV-2 Mpro [17], in the 

HSPA8–spike context, it promotes both local rigidification of the S2 pockets and domain-level 

diversity. NSC281245, on the other hand, exerted subtle constrained perturbations. 

3.4. Insights into Hydrogen Bond Interactions of the S2 Binding Pocket with NSC36398 and NSC281245 

Multiple intermolecular interactions, such as hydrogen, van der Waals, ionic and pi bonds, are 

formed throughout the MD simulations. According to Gowo (2021)47 and Spassov (2024)58, hydrogen 

bonds are one of the main molecular structures stabilising intermolecular bonds. Figure 22 

demonstrated a dynamic change in hydrogen bond interactions between NSC36398 and the S2 

subunit binding pocket. The presence of these hydrogen bonds throughout the last 50 ns of the 

simulation underscores important interactions anchoring the NSC36398 within the S2 binding 

pocket. The high-occupancy hydrogen bonds potentially contribute to the stability of the complex 

[47]. The transient hydrogen bond interactions of NSC36398 and S2 subunit potentially facilitate 

induced-fit adaptations as explicitly discussed by Csermely et al. (2010)48, allowing the ligand to 

induce allosteric effects on distal domains within the protein complex, a hypothesis that aligns with 

the observed results from PCA and RMSF. 

In contrast to NSC36398 (which averaged 2–3 persistent bonds), NSC281245 formed fewer and 

more transient hydrogen bonds, which suggests a weaker network of polar interactions. This 

observation is consistent with the ligand’s docking affinity towards the HSPA8–spike protein 

observed in Chapter 3 and its partial allosteric effect towards distal domains of the protein complex. 

The observed spikes in H-bond count and atom-pair contacts at ~175–180 ns indicate momentary 

induced-fit adjustments, in which the binding pocket briefly reorganises to maximise polar contacts 

[49,50]. 

NSC281245 occupied a larger S2 binding site than NSC36398, potentially attributed to its large 

size. Given the observed stabilisation of the S2 subunit binding pocket relative to NSC281245 

(observed in the binding pocket’s Rg) and the paucity of sustained H-bonds, other forces such as van 

der Waals, hydrophobic and pi-pi interactions likely play a larger role in the ligand’s binding 

stability. The intermittent H-bond formation coincides with the observed slight decrease (pocket 

tightening), increased compactness of the binding pocket and minor shifts in PCA, reinforcing a 

model of brief polar interactions accompanied by conformational adjustments well documented by 

Nussinov et al. (2014)49. 

3.5. Implications of Binding Free Energy Calculation Results 

The binding free energy calculations yielded quantitative insights into two key interactions: 

firstly, ligand affinities within the HSPA8–spike–ligand ternary complex (via gmx_MMPBSA), and 

ligand-induced modulation of the HSPA8–spike protein–protein interface via HawkDock Server 2. 

Both approaches converged on strongly favourable binding energetics (ΔG < 0) [51,52]. 

The derived binding free energy calculations revealed an interesting dual mechanism 

underlying small-molecule allosteric inhibition. While NSC36398 binds modestly stable to the S2 

binding site (ΔGbind = –7.07 ± 0.04 kcal/mol) through persistent hydrogen bonds. This negative value 

confirms the stability of NSC36398 within the protein-ligand complex, consistent with the 

fundamental principle that a negative ΔGbind indicates spontaneous binding and complex stability 
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(Mandal and Mandal, 2024)53. This binding significantly destabilises the native HSPA8–spike protein 

interface. The ligand–free HSPA8-SBD/spike-RBD complex displayed a robust stability (ΔGbind = –

76.30 kcal/mol). These findings align with and provide quantitative support for the domain-level 

binding of inducible HSP70 SBD to the SARS-CoV-2 spike RBD previously reported by Joshi et al. 

(2024)54. However, the interaction interface’s stability dropped substantially upon NSC36398 binding 

(ΔGbind = –41.70 kcal/mol). 

Critically, the destabilisation of the HSPA8–spike protein interface in the NSC36398–bound 

system directly correlated with the observed reduced binding affinity. This indicates that small-

molecule NSC36398 is an allosteric inhibitor that disrupts the distal functional interface (HSPA8–

spike protein) through long-range dynamic effects originating from its S2 binding site. This 

mechanism of allosteric disruption and interference aligns with the established models of allosteric 

communication in the spike protein (Verkhivker and Di Paola, 2021)55. 

In contrast, NSC281245 strongly binds to the spike S2 site in the complex (ΔGbind = –27.63 ± 0.07 

kcal/mol). NSC281245 engaged a more extensive interface on the S2 binding pocket surface, 

maximising hydrophobic contacts. PCA of the S2 binding pocket revealed partial rigidification of the 

pocket (Figure 20b), indicating a binding mode that relies on hydrophobic complementarity as 

reported in the study by Amadei et al. (1993)56. Converse to NSC36398 binding, NSC281245 binding 

preserves a near-native interface affinity (ΔGbind = –76.53 kcal/mol), which suggests that NSC281245 

induce minimal allosteric disruption. These findings highlight NSC36398 as a promising allosteric 

inhibitor for the HSPA8–spike protein complex. NSC281245, by stably engaging key interfacial 

residues, provides a quantitative framework for rational design of next-generation small-molecule 

compounds that more effectively destabilise this host–virus interaction [57]. 

4. Materials and Methods 

This study performed ligand–free and ligand–bound MD simulations using GROMACS v2018.6. 

Ligand–free MD simulations comprised of the protein (HSPA8–spike protein complex) without a 

ligand. In contrast, the ligand–bound MD simulations comprised a system with one ligand from 

previous docking simulations, either NSC36398–bound or NSC281245–bound [16]. 

4.1. MD System Preparation: Ligand-free and Ligand-bound System Parameter Definition 

In the ligand–free system, the AMBER99SB-ILDN force field was assigned to the system within 

GROMACS using the gmx pdb2gmx tool [58]. ACPYPE was used for ligand–bound systems to convert 

AMBER-compatible parameters and generate ligand topology files into GROMACS format [59]. 

Protein and ligand complexes were built by manually merging the ligand atoms into the protein. gro 

file, and the protein topology file was updated to integrate ligand parameters. To the newly built 

ligand–bound system, a triclinic simulation box was generated with gmx editconf with a buffer size of 

1.8 nm from the protein to the box edges. The system was solvated with the TIP3P water model using 

gmx solvate, and Na+ ions were added to neutralise the system utilising the gmx grompp and gmx 

genion commands [58]. 

Energy minimisation of both systems was performed using the GROMACS (v2018.6) gmx mdrun. 

The systems were relaxed using the steepest descent algorithm, applying a force tolerance of 1000 

kJ/mol/nm, with an upper limit of 50,000 steps. Both systems were equilibrated in terms of pressure 

and temperature on the Centre for High-Performance Computing (CHPC) cluster. The temperature 

equilibration in both systems was performed using a constant number of particles, volume, and 

temperature ensemble for 100 ps with a 2 fs timestep at 300 K. The pressure was equilibrated 

throughout 100 ps at 1 atm using the NPT ensemble with a maximum of 50,000 steps [47]. 

4.2. Molecular Dynamics Simulation Run 

Dynamic simulations of the ligand–free and ligand–bound systems were produced using the 

gmx mdrun command of GROMACS, which allowed for thorough sampling of the system's 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 August 2025 doi:10.20944/preprints202508.2086.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.2086.v1
http://creativecommons.org/licenses/by/4.0/


 26 of 32 

 

conformational space [47]. The CHPC resources were leveraged to run the entire 200 ns simulation 

using the GROMACS (v2018.6) module. Duplications of the MD simulations were carried out to 

check the reproducibility of the results. 

4.3. Post-MD Analysis 

After the 200 ns simulations were completed, post–MD simulation analyses were conducted 

with GROMACS (v2018.6). The last 50 ns (150 ns to 200 ns) of the three systems, ligand–free, 

NSC36398–bound, and NSC281245–bound systems, were used in this analysis to demonstrate the 

equilibration phase and reproducibility of the results. 

4.3.1. Structural Analysis 

Structural analysis of the ligand–free system (apo state), NSC36398–bound system, and 

NSC281245–bound system was conducted using GROMACS (v2018.6) tools (gmx rms, gmx rmsf, and 

gmx gyrate). All plots for structural metrics (RMSD, RMSF, and Rg) were generated using Python 

3.12.7 in Jupyter Notebook. Root mean square deviation (RMSD), root mean square fluctuation 

(RMSF), and radius of gyration (Rg) were calculated under structural analysis to evaluate and assess 

the conformational changes, stability, flexibility, and compactness of the systems [23,60]. Functional 

domain characterisation of the HSPA8 substrate-binding domain (SBD) from amino acid residue 

positions 405 to 495, the SARS-CoV-2 spike protein receptor-binding domain (RBD) comprising chain 

A RBD residues 455 to 495, chain B RBD residues 333 to 371, as well as the binding site and residues 

within 5 Å  of the ligand of interest, was performed on the last 50 ns of the simulation [26,61]. 

4.3.2. Conformational Dynamics Analysis 

Conformational dynamic analysis of the ligand–free and ligand–bound systems was performed 

on the selected functional domains, HSPA8 SBD (residues 405 to 495), viral spike protein chains A 

RBD (residues 455 to 495), and chain B RBD (residues 333 to 371), and two binding pockets relative 

to each ligand. Principal Component Analysis (PCA) was performed using an online tool, MDM-

TASK-web (https://mdmtaskweb.rubi.ru.ac.za/#pca; Accessed 31 March 2025) [41] using Cα atoms 

from the last 50 ns of the simulation to generate the topology input and trajectory files for the standard 

PCA. Variance-contribution analysis was performed by taking each eigenvalue λi from the variance 

file and computing the percentage variance using the equation below, then obtaining a cumulative 

variance (∑_j λ_j) from the sum. 

%Vi =
λi

∑jλj
 × 100% 

MDM-TASK-web returned PCA projection plots (PC1 vs PC2) showing conformational space, 

clustering, time evolution, and principal components [41,62]. 

4.3.3. Hydrogen Bond Calculation Protocol 

The hydrogen bond calculation was performed to analyse the interactions between the protein 

complex S2 subunit binding site and NSC36398 and NSC281285, respectively. The calculation was 

conducted using the gmx hbond tool from GROMACS, with a cut-off distance of 0.35 nm and an angle 

of 30°, using the last 50 ns of the trajectory. The protein was selected as the donor, and the ligands 

were selected as the acceptor [58]. 

4.3.4. Binding Free Energy Calculations 

4.3.4.1. Binding Free Energy Calculations –gmx_MMPBSA 

Binding free energy calculations of the ligand–bound systems were performed using the 

MM/GBSA approach within the gmx_MMPBSA pipeline (v1.6.3). This approach calculated binding 

free energy (ΔGbind) as the difference between the free energy of the complex (Gcomplex) and the sum 
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of free energies for the isolated receptor (Greceptor) and ligand components (Gligand) as shown in the 

equation below: 

∆Gbind = Gcomplex − (Greceptor + Gligand). 

Each G included Molecular Mechanics (MM), polar solvation (GB), and nonpolar solvation (SA). 

The analysis used 1001 frames extracted from 190–200 ns of the simulation trajectory. Topologies 

generated in GROMACS (AMBER99SB for protein; GAFF for ligand) were converted to AMBER 

compatibility, and solvation effects were modelled using the Generalised Born model (igb = 5, 

mbondi2 radii) alongside a SASA-based nonpolar term (γ = 0.0072 kcal/molÅ⁻²). A single-trajectory 

protocol ensured identical conformational sampling of the complex, receptor, and ligand states, 

minimising statistical noise. Per-frame energy components (MM, G_GB, G_SA) were computed in 

parallel (8 CPUs), while entropy contributions were omitted, resulting in a purely enthalpic ΔGbind 

[51,63]. 

4.3.4.2. Binding Free Energy Calculations – HawkDock Server (v2) 

The MM/GBSA method was used in HawkDock Server (v2) (http://cadd.zju.edu.cn/hawkdock/; 

accessed 31 March 2025) [52] to compute binding free energies (ΔGbind). The analysis assessed how 

small-molecule binding at the spike protein’s S2 subunit affects the HSPA8–spike protein interaction 

interface. The HSPA8–spike protein interaction interface was defined by the SBD (residues 405–495) 

of human HSPA8 and the spike RBD (residues 455–495 from chain A; residue positions 333–371 from 

chain B). Missing hydrogens and heavy atoms of the SBD–RBD complexes were added by the tleap 

module in Amber16, and then the ff02 force field parameters were added to the protein complex. The 

polar desolation energy was then calculated by the modified GB (GBOBC1) model (interior dielectric 

constant = 1), which was developed by Onufriev et al. (2004)64. The system was minimised for 5000 

steps with a cut-off distance of 999 Å  for van der Waals interactions (2000 cycles of steepest descent 

and 3000 cycles of conjugate minimisations). The results of the MM/GBSA, the pre-processed PDB 

files of the receptor and ligand, were downloaded and analysed.5. Conclusions 

The persistent threat of COVID-19 underscores the critical need for novel and effective 

therapeutic strategies. This study focused on the HSPA8–spike protein complex as a potential target, 

employing in-silico techniques to screen and identify repurposed small-molecule compounds 

towards COVID-19 drug development. Molecular dynamics simulations were used to validate the 

docking simulations that determined the small-molecule compounds with stable, viral-preferential 

binding and high binding affinities. Our previous docking experiments identified small molecules 

NSC36398 and NSC281245 as potential compounds exhibiting stable interactions and the best 

binding affinities towards key regions within the spike protein’s conserved S2 subunit, particularly 

in complex with HSPA8. Subsequent molecular dynamics simulations confirmed stable complex 

formation and revealed distinct compound effects on the complex. NSC36398 induced significant, 

thermodynamically favourable allosteric modulations, affecting host and viral domains' flexibility, 

stability and the interaction surface. NSC281245 induced mild allosteric perturbations that partially 

affected the host and viral domains and the interaction interface. Instead, it preserved near-native 

interface affinity with stable interactions at the S2 binding site. Thus, this work identified NSC36398 

as a promising repurposed candidate targeting the HSPA8–spike protein complex and identified 

NSC281245 as a quantitative framework for rational design of drug compounds that stably engage 

key S2 subunit residues and effectively destabilise this host–viral spike interaction. The 

computationally validated binding, stability and drug-like properties provide a strong rationale for 

further experimental validation. 

Further analysis should be built from the current project, conducting deep computational 

analysis, such as per-residue energy decomposition and dynamic residue network (DRN) 

calculations. These analyses will provide detailed findings on the overall interactions of residues with 

time, the betweenness, centrality, the average shortest path of residues and the energy contribution 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 August 2025 doi:10.20944/preprints202508.2086.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.2086.v1
http://creativecommons.org/licenses/by/4.0/


 28 of 32 

 

of each residue. Experimentally, the predicted HSPA8–spike protein interactions should be validated 

in vitro via co-immunoprecipitation or surface plasmon resonance (SPR). Subsequently, cell-based 

inhibitor screening assays should be implemented to quantify the impact of small compounds on the 

HSPA8–spike binding. Afterwards, pseudo virus entry inhibitor assays in relevant cell models 

should be conducted to confirm functional blockade. Lastly, rational structure-based optimisation of 

the identified compounds NSC36398/NSC281245 scaffolds should be undertaken to enhance ligand 

potency and selectivity. 
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