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Abstract
The human Y-box binding protein (YB-1) is a multifaceted protein that plays a crucial role in the progression of diseases such as HIV, cancer, and therapy resistance. Currently, there is no known full-length protein structure of YB-1, and no modulator validated with whole protein via allosteric binding exists. The present study aimed to model the full-length three-dimensional structure of YB-1, as no complete structure was known previously. The molecular dynamics simulations were employed to validate the predicted structure and explored the protein-protein interaction network of YB-1 for a better understanding in its involvement of disease progression. 

Five 1,4-naphthoquinone small molecule modulators  analogues were designed, to target YB-1 and their drug-likeness properties were evaluated. Among them, AIGM 2024-5 showed the best interaction and binding affinity with YB-1, and this compound was further tested through molecular dynamics simulations to assess its interaction stability, binding mode. The selected modulator AIGM 2024-5 was synthesized by chemo-selective functionalization method, and it has been utilized for Microscale Thermophoresis (MST) biophysical interaction validation with recombinant full-length YB-1 protein. The biophysical interaction validation is consistent with our in silico investigation. AIGM 2024-5 demonstrated a 15.8% higher binding affinity with YB-1 compared to a control molecule, fisetin. Thus, AIGM-2024-5 shows promise for developing a new class of YB-1 inhibitors for the treatment of diseases associated with YB-1.
Keywords: Y-box binding protein-1; Cancer; HIV; Molecular docking; Molecular dynamic simulation; Protein expression and purification; Bio-physical interactions experimental validation.
1.0. Introduction
Proteins are crucial constituents of life, playing a vital role in governing the diverse biochemical and cellular processes necessary for optimal cellular life and development[1], [2]. Dysregulation of protein function contributes significantly to the pathogenesis of various life-threatening diseases, such as cancer and neurological disorders, HIV. Targeting these specific proteins has opened up new therapeutic avenues for drug development[3].The development of targeted therapy requires the identification of a viable target known to play a crucial role in disease progression and survival[4]. Human Y-Box binding protein-1 (YB-1) is an evolutionarily conserved protein that belongs to the Cold Shock Domain (CSD) protein and RNA and DNA binding protein family. YB-1 is found in bacteria, plants, and animals[5],[6]. First, YB-1 was recognized as a DNA-binding protein that attaches to the inverted CCAAT box (Y-Box) motif on the MHC-II promoter, thereby regulating its transcription[7]. Three different Y-box binding protein families were found in humans: YB-1 (dbpB) is expressed in all major tissues, YB-2 (dbpC) is only expressed in germ cells, and the expression of YB-3 (dbpA) is limited and occurs exclusively during embryonic development. The human YB-1 protein consists of 324 amino acids and is composed of three domains: the N-terminal domain, also known as the A/P domain (1 to 50), the central domain, also known as the cold shock domain (51 to 129), and the long C-terminal domain (130 to 324)[8]. The CSD is the backbone of the protein, composed of five closed β-sheet strands that are positioned as antiparallel β-barrels associated with three tight types-I (β1-β2, β2-β3, and β4-β5) and one flexible loop (β3-β4)[9]. Similar to other CSD proteins, the YB-1 CSD contains RNP-1 and RNP-2 consensus sequences; these sequences are involved in both nonspecific and specific interactions with DNA and RNA, respectively[10].The A/P domain is involved in protein/protein interactions and maintains RNA binding[6]. In addition to CSD, YB-1 has an extended C-terminal domain (CTD) that contains positively and negatively charged amino acid residue clusters that aid in nucleic acid interactions and protein-protein interactions. 

The disordered characteristics of the YB-1 C-terminal domain have hindered the elucidation of its complete structure, which is crucial for interaction studies, precise drug identification, and development[11]. So far, the Protein Data Bank (PDB) contains seven-crystal structures of YB-1 CSD. These structures providing the valuable insights into key residues for target its functions, post-translational modifications (PTM), as well as nucleic acid and protein-protein interactions (PPI). Moreover, the crystallography studies revealed that CTD also facilitated the PPI and RNA/DNA interaction[9],[11],[12]. Specific interactions occur through the YB-1 CSD, while non-specific interactions are facilitated by the YB-1 C-terminal domain[11]. The CSD and CTD complex with ssDNA clearly demonstrates that CSD by itself is insufficient for  PPI ,regulating the transcription and translation of YB-1 targets[11]. Recent studies show that the positive cluster amino acids in CTD interacts with PARP1 and regulates PARP1 activity, which is a the key player in  DNA repair pathway[13],[14]. Importantly, the four aromatic residues His-87, Phe-85, Phe-74, and Trp-65 play a primary role in YB-1 and RNA interactions. When substituting these four residues with Ala in the YB-1 CSD, binding to the RNA oligomer is eliminated, this phenomena highlighting the importance of these residues for the YB-1 CSD-dependent RNA interaction functions[12]. 
Fisetin, a dietary flavonoid, attenuates YB-1S102 phosphorylation in melanoma and prostate cancer; it inhibits tumor growth and epithelial-mesenchymal transition (EMT)[15],[16].The main drawback of fisetin is its hydrophobic nature, which results in poor bioavailability and a short shelf life in its free form of approximately 3 hours, thereby hindering its clinical application[17],[18],[19]. The small-molecule inhibitor known as SU056 for YB-1 was validated using the Cellular Engagement Thermal Shift Assay (CETAS)[20].However, these assays primarily rely on indirect measurement techniques to evaluate the potential effects of YB-1 inhibitors on cellular functions, and they are associated with a significant level of uncertainty[21]. Recently, a combination of NMR spectroscopy, molecular dynamic (MD), and a database virtual screening approach was utilized to identify the selective druggable pocket and potential inhibitor for YB-1 CSD. Then, a potent small-molecule inhibitor identified known as "Niraparib" (AK-4827) effectively inhibits YB-1 expression at the cellular level, validated by the invitro MT bench assay[21]. 
In normal healthy tissues, the versatile protein YB-1 is predominantly localized in the cytoplasm and  regulates various RNA-related processes[22]. Further, its role in various human diseases has been extensively studied[23]. YB-1 is overexpressed in various human cancers, corresponding to poor survival and treatment resistance, and it acts as a cofactor for HIV replication[24],[25],[26],[27],[28],[29]. Notably, a reduction in YB-1 levels leads to a ten-fold decrease in HIV-1 replication across various cell lines[25]. The lack of a comprehensive YB-1 structure has significantly impeded the design and validation of modulators for the full-length YB-1 structure[23].As we mentioned earlier, only a very few small molecule inhibitors, particularly those studied against the CSD of YB-1 protein, were identified [15],[20],[21],[30]. Based on the previous findings, it has been revealed that targeting the YB-1 CSD or Ser-102 alone is not sufficient to disrupt YB-1 functions[31]. 

Notably, the CTD domain has a higher number of PTM sites compared to the CSD domain, making it a key target for modulator aimed at regulating the full range of YB-1 pathological functions[11], [31]. Eesentially, over the past few decades, more than 90% of drug candidates have failed clinical validation and approval, primarily due to poor drug-like properties and inadequate target validation[32]. In this context, to overcome the abovementioned drawbacks, we established the complete structure of YB-1, utilizing both the crystal structure of the cold shock domain and the full-length amino acid sequence of YB-1[33]. Then, we rationally designed the target molecule by combining the two pharmacophores using the scaffold hybridization method; this strategy contributes to enhancing the inhibitors ADME properties and target selectivity[34]. Thus, we have established the whole protein structure of YB-1 and identified the novel full-length YB-1 modulator AIGM-2024-5, which was developed based on a previously reported naphthalene-1,4-dione derivative by replacing the methyl acetamide with 5-oxopyrrolidine via combined in silico and in vitro investigations[35].

2.0. Experimental 
2.1. Establishment of full-length YB-1 protein structure by comparative modeling and validation
Since the full-length protein structure of YB-1 was not available, we used comparative modeling to establish the full-length protein structure of YB-1 based on its whole amino acid sequence and available template structure. The full-length YB-1 amino acid sequence was retrieved from Swiss-Prot [36] (Accession number: P67809)[33], and the template protein structure was obtained PDB, respectively[11]. Robetta is an online protein structure prediction server. It works based on a deep learning method[37]. It modeled the structure of the full-length YB-1 protein using the YB-1 template and YB-1 full-length protein amino acid sequence[37]. The physicochemical characterization of modeled protein structure was analyzed using the PROCHECK tool in the SAVESv6.0 server[38].Then, the secondary structure of the modeled protein was identified via PDBsum[39], and the modeled protein structural stability (Apo form) was investigated by molecular dynamics simulation using the GROMOS96 54a7 force field for 100 ns[40].
2.2. Construction of YB-1 Protein-protein interaction networks (PPINs)
A draft PPINs was constructed for the target receptor YB-1 against its similar protein using the STRING v12.0 server[41]. The network was built with the highest confidence score of 0.9 (>90% similarity) using interaction sources such as text mining, databases, neighbourhood, gene fusion, and experiment-based approaches[42],[43]. The genes in the network and their corresponding biological processes, molecular functions, and cellular components were predicted based on the gene ontology terms. The final network was designed and validated using the CytoScape v3.8.2[44]. 

The hub genes were predicted using CytoHubba[45], and network properties were predicted using the Network Analyzer module in Cytoscape[46].
2.3. Designing of novel small molecule modulators
The 1,4-Naphthoquinone is a privileged scaffold ubiquitously found among important anti-cancer active compounds such as doxorubicin (DOX) and daunorubicin, natural products, and other molecules widely employed in treatment of several other diseases [47]. We anticipated that naphthoquinone alkyl amides might show intriguing pharmacological activity due to their structural features. Thus, we have identified four open chain amides and one cyclic amide, especially pyrrolidine amide derivatives of naphthoquinone, AIGM-2024-1 to AIGM-2024-5 for theoretical study, as shown in Fig.1. Chem Draw 2D structures of all the five-modulators were saved as Mol files, transformed into PDB files using Chem 3D 14.0, and the MM2 force field used for energy minimization. We prepared the predicted protein and inhibitor structures for further studies using the protein preparation wizard and LigPrep module in Maestro, using the OPLS 2005 force field[48].
2.4. Designed modulators structural geometry and electronic potential investigation
Density functional theory (DFT) investigation was used to study the molecular structures, the electronic features of molecular orbitals, and the electrostatic potential of designed modulators. The Jaguar module in Schrödinger was used to conduct DFT calculations. The B3LYP method was used to optimize the modulators structure, utilizing the 6-331 G basis set. Furthermore, the electronic distribution of the modulators molecules was analyzed via highly occupied molecular orbitals (HOMO), lower unoccupied molecular orbitals (LUMO), and molecular electrostatic surface potential (MESP)[49].
2.5. Computational drug-likeness properties investigation of novel modulators
	Following DFT calculation, all small molecules modulators underwent medicinal chemistry and pharmacokinetic investigation via ADME analysis. The ADME calculations determine the modulators absorption, distribution, metabolism, and excretion properties in the human body. The Schrodinger suite includes the ADME prediction tool QikProp, which determines the pharmacokinetic characteristics of inhibitors, including molecular weight, cell permeability (QPPCaCo), Qplogo/w (LogP Octanol/water), human oral absorption (HOA%) and Lipinski’s rule of five[50]. Furthermore, the QikProp module provides various comparisons between the attributes of each molecule and 95 percent of existing drug molecules.
2.6. Selectivity-based analogs virtual probing via induced fit docking (IFD)
After structural geometry and ADME investigations, all the designed modulators were subjected to induced fit docking with modeled YB-1 protein using Schrödinger 2022.4 (Schrödinger release 2022-23), which was used to estimate the interaction affinity of protein- modulators complexes[51]. 

All small molecule modulators and modeled YB-1 were prepared based on Schrödinger 2022.4 standard procedure for IFD. In molecular docking, the IFD is a precise approach for understanding modulators and protein flexibility compared to other methods. We used a 0.50 radii scaling van der Waals, an inferred solvation model, and OPLS-2005 force field to hold the protein for rigid protein and modulators docking. The final round of glide docking and scoring the protein structure should contain 30 kcal/mol of minimal energy that was passed. Importantly, the IFD conformations were ranked based on the total energy of the system and the leading conformations of docking were examined because of their docking score, glide energy, and interactions formed at YB-1 active sites (allosteric). The docking score represents the predicted binding affinity of YB-1 and the modulators based on the electrostatic and complementarity interactions between the molecules. Notably, the glide energy estimation is authentic; it calculates the modulators binding affinity and takes account into the internal energy of the modulators and protein- modulators interactions[52]. Finally, the best modulators -protein docked conformations were analyzed in Discovery Studio Visualizer 2020 version and PyMol.
2.7. MM/GBSA binding free energy estimation

We performed binding energy calculations for the docked complexes of YB-1 using the Prime/MM-GBSA module present in the Schrödinger suite. The binding energies of the protein- modulator complexes were calculated using the OPLS 2005 force field. The following formulas were used to calculate the binding energy:
 
 
Ecomplex, Eprotein, and Eligand are the minimized energies of the protein-inhibitor complex, protein, and inhibitor, respectively. ΔGsolv is the generalized electrostatic solvation energy of the complex, whereas ΔGSA is the non-polar contribution to the solvation energy owing to the surface area[53].
2.8. Molecular dynamic simulation
We performed MD simulations for the modeled protein (Apo) and both small molecule modulators protein complexes, including minimization, equilibration, and production runs in the GROMACS 2022.3 version, by using the GROMOS96 54a7 force field and the Eight Shell method[54]. For the protein- modulators complex, the modulators topology file was generated from the ATB (Automated Topology Builder) server. The protein and modulators complex system were minimized using energy minimization with 5000 steps of MD simulations, which were programmed to slowly relax the system without deviating substantially from the initial protein coordinates. 

The water molecules SPC216 were added to a cubic box; each dimension of the water box was 1.5 nanometers. This ensured the complexes entire surfaces were covered and introduced Cl− counter-ions to balance the system net charge; the system was neutralized. The temperature was maintained at 300K with a coupling coefficient of 1ps for 100ns. The modulators -protein complexes molecular dynamics simulation trajectories were saved for H bonding and binding mode investigations. The plots were generated using the XMGrace Plotting tool and Graph Pad Prism v 10.0.3.
2.9. General procedure for preparation of arylated naphthoquinones
Arylated naphthoquinones were synthesized by following the procedure reported in the literature presented in Scheme 1[55].  To a stirred solution of naphthoquinone (1.0 equiv.) and a suitable phenol or methoxy benzene (2.0 equiv.) in DCM (4 mL), K2S2O8 (3.0 equiv.), followed by FeCl3 (3.0 equiv.), was added in portions at room temperature.


Scheme 1. Preparation of arylated naphthoquinones
The progress of the reaction was monitored by TLC. Upon the complete consumption of starting materials, the mixture was diluted with ethyl acetate and water. The organic phase was separated, extracted two or more times with ethyl acetate, dried over Na2SO4, filtered, and concentrated. The crude product was purified by silica gel column chromatography using hexane/ethyl acetate as the eluent to obtain the product.
2.10. Synthesis of target small molecule inhibitor AIGM 2024-5


Scheme 2. Synthesis of AIGM-2024-5


To naphthoquinone (0.25 mmol) taken in a vial, eosin-Y (1 mol%) and TBHP (1.0 mmol) were added, followed by pyrrolidin-2-one (2,1 mL) was added. The resulting reaction mixture was irradiated using 3 W blue LEDs. The progress of the reaction was monitored by TLC. After completion, the reaction mixture was quenched with water, extracted with ethyl acetate, and then the organic layer was separated, dried over anhydrous Na2SO4, and concentrated under reduced pressure. The crude product was purified through silica gel column chromatography (eluent: hexane/EtOAc)[35]. The compound AIGM-2024-5 (54 mg, 62%) was obtained as a brownish-yellow gummy liquid after purification through silica gel column chromatography (Hexane/EtOAc = 1:1). The purified target small molecule inhibitor AIGM-2024-5 purity and other characterizations were done by HPLC and 1H NMR and 13C NMR.
2.11. Expression and purification of full-length human YB-1 protein
We obtained the full-length human YB-1 DH5α (pRST YBX1) vector, which contains a 6X His tag at the N-terminus, from the Add gene (ID: 13035)[56], and then transformed the plasmid into a BL21 (DE3) strain for protein expression. The BL21 (DE3) strain was a kind gift from Dr. Ashok Sekhar, Molecular Biophysics Unit, Indian Institute of Science (IISc), Bangalore, India. Then, the cells were  grown at 37°C until OD600 reached 0.8; later, the cells were induced with 0.1 mM isopropylβ-D-1-thiogalactopyranoside (IPTG) and grown at 16ºⅭ post-induction for 18 h. Next, the cells were collected and harvested in lysis buffer (50 mM Tris-HCl,8.0pH, 0.5mM NaCl, 0.002 mM β-mercaptoethanol, Benzamidine, and PMSF) interrupted by sonication. According to the manufacturer protocol, the full-length YB-1 protein was purified using an affinity HIS-tagged bacterial protein purification kit (Hi Media, Spin Column, India). The purified YB-1 proteins were pooled and concentrated through a vivaspin centrifugal concentrator (PSE membrane, GE Health Care, USA). The purified protein concentrations were determined by the extinction coefficient method at 280 nm using the NanoDrop 2000/2000c spectrophotometer, and the concentrated protein was stored at -80ºⅭ until further processing.
2.12. In vitro biophysical experimental validation using Micro Scale Thermophoresis (MST)
According to the Nano Temper technology (GmbH, Munich, Germany) manufacture procedure, the MST experiments were carried out, and we used the Monolith NT.115 instrument (red/blue) to calculate the affinity interactions, respectively. We used the Monolith RED-NHS second-generation labeling kit for YB-1 purified protein labeling for MST assays, where the reactive NHS-dye ester moiety reacts with primary amines of lysine residues to form a covalent bond. Based on fluorescence intensities in the pretest experiment, the NHS-labeled 250 nM YB-1 was selected. For the MST experiment, the purified YB-1 was freshly prepared in an assay buffer containing 0.02 M Tris-HCl pH8.0, 0.15 M NaCl, 1.0% DMSO, and 0.05% Tween-20, used to improve the homogeneity of the sample. 

The experiment was performed by incubating varying concentrations (1 to 10µM) of target compounds with YB-1 protein at room temperature for 10 min before recording the measurement using NT.1115 standard-treated capillaries (Nano Temper Technologies). The results were obtained at 25ºC using LED power in the range of 80% with MO control 1.5.3 setup, which allows for the detection of protein aggregation and adhesion capillary scans. Further, the recorded data were analyzed with MO and affinity analysis 2.2.7 Nano Temper Technology used to determine the Kd values. Then, the measured values are reported as an MST-dependent response of the fluorophore to the temperature jump. Finally, graphs were prepared using Graph Pad Prism v 10.0.3 (Graph Pad, San Diego, California)[57].
3.0. Results and Discussion
3.1. The full-length YB-1 protein structure prediction and quality assessment 
	The accurate prediction of protein 3D structure has become an important aspect of the drug design and identification process, receiving significant attention in recent years. The understanding of target protein 3D structure is vital for revealing the drug binding mechanisms, aiding in the design of inhibitors/modulators with improved selectivity and potency[58]. Homology modelling is used to predict unknown protein structures based on their amino acid sequence and template structure. Homology modelling is considered a more accurate method compared to other protein modelling methods. Importantly, this modelled protein structure closely matches the experimentally obtained protein structure[59]. The comparative modelling approach used to predict the full-length protein structure of YB-1 was based on the crystal structure of YB-1 CSD (PDB ID: 6LMR) and the full-length YB-1 protein sequence (1-324)[33],[11].
The modelled protein structure contains 324 amino acids and three domains, namely the C-terminal, N-terminal, and CSD domains, composed of beta sheets, as shown in Fig.2 A.  Importantly, the extensive secondary structure prediction of the full-length YB-1 protein structure revealed that the protein comprises at 3-β hairpins, 7-β bulges, 5-β strands, 17-helix, and 8 helix-helix interactions, 30 β-turns, and 7-γ turns, as presented in supporting information -1 Fig.1. The overall modelled protein stereo chemical quality was analyzed by PROCHECK via the Ramachandran plot. According to the modelled protein Ramachandran plot, there are 86.7% of residues in the most favourable region, 12.5% in the allowed region, and 0.8% in the generously allowed region, and no amino acid residues are present in disallowed regions, as presented in supporting information -1 Fig.2 A and B. 
These findings revealed that the amino acid structure in the modelled YB-1 protein is in phi-psi distribution compatible with a right-handed α-helix and beta sheets; the model is dependable, high quality, and deserving of our further investigation.
3.2. Analysis of YB-1 targeted Protein PPI network 
The PPINs refer to the complex web of physical interactions between proteins within a cell or organism[60]. From the result of PPINs, we identified that the target protein YB-1 has direct interactions with genes involved in RNA and mRNA metabolic processes (SYNCRIP, HNRNPU, and DHX9), heat shock (HSPA1AB) and cold shock (CSDE1) proteins, etc., as shown in Fig.3A. The predicted network properties and genes with functional descriptions are presented in Supporting information -2 (Table S1-S2). The interacted genes with their corresponding biological process, molecular functions, and cellular components are characterized in Supporting information -2 (Table S3-S5). 
The network consistency shows 54 nodes and 532 edges, whereas the YB-1 protein with other disease-related gene networks such as cancer and HIV is depicted in Fig.3B. Importantly, the YB-1 directly interacts with other biomarker-related genes such as p53, VEGF, MAPK, TGFβ, BCL-2, BAX, and PTEN, PI3K, AKT etc., to promote disease progression. From these results, it clearly shows that the biological functions of YB-1 are mostly involved in the regulation of transcription and translations. Notably, targeting the protein that controls both transcription and translation provides better therapeutic effect compared to targeting other macromolecules[61]. Overall, YB-1 is undoubtedly a potential target for drug development, as targeting YB-1 may slow the progression of cancer and HIV and improve patient survival.
3.3. Structural geometry and electronic potential investigations of designed inhibitors
In drug discovery, the density functional theory is a reliable method to measure the reactivity of designed modulators at the atomic level. Herein, we used DFT to investigate the chemical reactivity, charge distribution, and overall stability of modulators and to optimize their structure. The overall frontier molecular orbitals (FMOs) address the HOMO and LUMO; combined, they given insights into how the modulators interact with a target protein. The HOMO and LUMO values of AIGM-2024 compounds range from -0.216431 to -0.228318 and from -0.122819 to -0.126964, respectively. The HOMO and LUMO values of fisetin are -0.193826 and -0.023695, which are shown in Table 1.
These results revealed that the modulators AIGM-2024 1-5 have high HOMO and LUMO regions, which act as nucleophiles (electron donors) and electrophiles (electron acceptors) on the YB-1 protein. The molecular electrostatic potential (MEP) is a significant characteristic that provides insights into the electronic charge and locations of the nucleophilic and electrophilic reactions that occur, and it is provided the insight into the hydrogen bonding interactions of the modulators. The modulators chemical activity depends on influences the energy gap difference between the HOMO and LUMO.A smaller energy gap indicates intermolecular transfer of charges and kinetic stability. Overall, the AIGM-2024 modulators and fisetin have lower HOMO-LUMO energy gap and positive and negative regions (MEP), which indicate that all these compounds are chemically reactive and worth further investigation, as shown in Fig.4.
3.5. Identification of potent small molecule modulators of modeled YB-1 protein via IFD virtual probing and binding energy estimation
Molecular docking is the fundamental computational approach in structure based drug discovery (SBDD) used to determine the binding affinity and orientation of an modulators within the active site of the target protein[69],[70]. Docking algorithms utilize energy minimization and scoring functions to estimate the stability of modulators-protein complexes, and rank the potential modulators candidates[71]. All five designed modulators, AIGM 2024-1 to AIGM 2024-5, along with the control molecule fisetin, were subjected to IFD-based screening of the active sites in the modelled YB-1 protein structure. 
Fisetin is the only molecule that has both in in silico and invitro experimental validation with YB-1 CSD, so we used it as a control molecule in our studies. The experimentally derived identified RNA/DNA interacting residues of YB-1 were used as the active site for docking studies. In molecular docking, the modulators is docked into the active site of the target protein, and the scoring of the complex determines its fitness.  At the end of molecular docking, several possible conformations and orientations of the modulators with the proteins active site are generated. The main purpose of molecular docking is to elucidate the best modulators-protein complex based on their binding affinity and energy of the complex[69]. Based on these findings, AIGM-2024-5 was selected on the number of H-bonds at the YB-1 active sites, as well as the MMGBSA energy estimation, glide energy, and docking score. The detailed docking results are presented in Table 3. The docking conformations of the YB-1 AIGM-2024-5 complex are presented in Fig. 5 A and B. These figures reveal that AIGM-2024-5 has formed four hydrogen bonds and seven hydrophobic interactions with YB-1CSD and CTD.
 The N-H2 in the YB-1 LYS-118 side chain interacted with a ketone (C1=O) of naphthalene-1, a 4-dione ring of AIGM-2024-5 through H (1.9Å) bonding. The TYR 148 side chain phenol hydroxyl group and ketone (C1=O) of AIGM-2024-5 (2.9Å), and the pyrrolidine-2-one amide ring N-H and tyrosine OH (2.1Å) interacted via H bonding, respectively. The fourth interaction was found between the GLN 159-side chain amide (N-H2) and the 5” ketone (5” C=O) of the pyrrolidine-2-one ring by H bond (1.9Å) interaction. The methoxyphenyl ring 4’ methyl group (CH3) hydrogen interacted with the hydroxyl side chain of the THR89 via a two-carbon hydrogen bond (2.8Å & 3.0Å). Additionally, π-π T-shaped and π-π stacked interactions were noted from the methoxyphenyl and naphthalene-1, 4-dione ring of AIGM 2024-5 to interact with the imidazole ring of HIS 87. The fourth interaction was found between the GLN 159-side chain amide (N-H2) and the 5” ketone (5” C=O) of the pyrrolidine-2-one ring by H bond (1.9Å) interaction. The methoxyphenyl ring 4’ methyl group (CH3) hydrogen interacted with the hydroxyl side chain of THR89 via a two-carbon hydrogen bond (2.8Å & 3.0Å). Additionally, π-π T-shaped and π-π stacked interactions were noted from the methoxyphenyl and naphthalene-1, 4-dione ring of AIGM 2024-5 to interact with the imidazole ring of HIS 87. Finally, ALA 90 interacted with the methoxyphenyl ring of AIGM 2024-5 through alkyl interaction.
In the case of the control, the compound fisetin docking structural pattern contains 4 H contacts with YB-1, as shown in Fig.5 C&D. The LYS 118 side chain primary amine (-NH2) interacted with the 4-ketone (4C=O) of a chromen-4-one ring of fisetin, and the 4-ketone (4C=O) of the chromen-4-one ring binds with the hydroxyl side chain of TRY 148 through H bond interactions (1.7Å & 2.2Å). The chromen-4-one ring 7-hydroxyl group interacted with the the ketone of GLY 73 (1.9Å), and the di-hydroxyphenyl ring 4’ OH group interacted with the ketone of the ALA122 (1.7Å) via H bond interaction. The π-π stacked and π-π T-shaped interactions were present between the chromen-4-one ring of fisetin and the aromatic rings of PHE 85, and TYR72. Furthermore, the Pi-Anion and Pi-Alkyl interactions were found between the di-hydroxyphenyl ring of fisetin and GLU 121, and ALA 90. 
The docking conformations of AIGM-2024-5 and the fisetin complex, shown in Fig.5, indicated that both compounds likely have a similar type of interaction with YB-1. In brief, LYS-118 in the YB-1 CSD is one of the key residues that facilitate YB-1 and DNA bonding through charge-charge interaction; its important for YB-1 targeted gene transcription. Surprisingly, both inhibitors form H-bonds with LYS-118[11]. El Hage et al. (2023) recently identified a potential and selective drug-binding pocket of YB-1,distinguishing it from other  CSD proteins. This study demonstrates that the PARP-1 inhibitor niraparib selectively binds to this region, thereby affecting YB-1 functions in a cellular context. Remarkably, both niraparib and AIGM-2024-5 are amide type of compounds with flat and closed geometry; they interact in the same drug-binding region at CSD, which is consistent with prior findings[21]. Furthermore, the binding energies of the top binding poses were calculated using prime. The AIGM-2024-5 has a binding energy of -60.37 kcal/mol, while the binding energy of fisetin was found to be -54.01 kcal/mol. Importantly, AIGM-2024-5 exhibited approximately a ̴10% higher binding affinity with the YB-1 protein compared to fisetin, as shown in Table 03. The binding stability and interaction pattern of AIGM-2024-5 and fisetin on YB-1 will be validated through molecular dynamic simulation. 

3.6. Investigation of the modeled protein structural stability and interaction stability of the AIGM-2024-5 complex via Molecular Dynamics (MD) simulation

The results of homology modeling and docking interaction stability required to verified in biological systems through MD simulations to determine their reliability[72]. Furthermore, MD simulations can be used to predict various properties of modelled protein (Apo), including protein folding, conformational flexibility, and structural stability[73]. Importantly, the docking combined with 100ns molecular dynamics simulation were utilized to inspect the stability of both YB-1 modulators complexes. After the molecular dynamics simulation, to identify the modulators-binding mode on the target protein, MD frames were extracted from the trajectory file of two modulators complexes at every 25ns interval, and thereby, the detailed protein- modulators interaction was investigated. Both protein- modulators complexes and apo-protein stability were calculated based on root mean square distance (RMSD), root mean square fluctuation (RMSF), the radius of gyration (RG), and solvent-accessible surface area (SASA). During the simulation, we monitored the modeled protein backbone atoms, and RMSD values of the modeled protein backbone atoms were plotted as a time-dependent function of the MD simulation. The MD result supports our modeled protein structure, showing constant RMSD during the simulation process. The RMSD of protein (apo) backbone atoms was measured during a 100ns simulation in a time dependent manner, as shown Fig.6A. 

The plot clearly reveals that there are changes in the RMSD from 0.5 Å to 1.5 Å in the first 1000ps of the modelled protein, after which it reaches a plateau, as shown in Fig.6A. The RMSD values of the backbone atoms in the system tend to converge after 6000 ps and indicate fluctuations around 1.5 Å. These simulation times and low RMSD show that the predicted 3D model structure of YB-1 has stable folding and conformations that warrant further investigations. Besides, the RMSD of the backbone atoms of the AIGM-2024-5 complex exhibited lesser deviations when compared to the control molecule fisetin, which has substantial deviations. Fig.6A demonstrates that the covering graph of AIGM-2024-5 displayed the least deviations and, over the last ~50 ns, indicates the stability of the lead compound. The average RMSD values for the backbone atoms of AIGM-2024-5 complexes over the last 50 ns were 1.5 nm, which were lower than the RMSD value of the fisetin complex at 1.75nm, respectively. This implies that AIGM-2024-5 has comparatively strong and stable interaction with YB-1 than fisetin.This finding reveals that the AIGM-2024-5 modulators has a strong connection with YB-1 and is stable at the active site of the protein.
The RG graph offers information about the compactness and rigidity of the protein molecule over time. The apo protein complex residues ranging from 250 to 300 have fluctuated around 0.75 nm. The RG graph, as shown in Fig.6B, demonstrates that the modeled protein has a lower RG value, which was maintained below 2.5 nm. It explains the compactness of the protein throughout the simulation period compared to both modulators complexes. Fig.7B  shows that the RG graph indicates that the AIGM-2024-5 complex unveils a stable trend in contrast to the control molecule YB-1 fisetin complex; this suggests that the AIGM-2024-5 is in a stable conformation, not experiencing any notable structural changes during the simulation. The RG of YB-1AIGM-2024-5 decreased to 2.6 nm while the RG of YB-1-fisetin decreased to 3 nm. The apo and AIGM-2024-5 complex exhibited a lower degree of fluctuation and maintained its consistency throughout the entire simulation period; it exhibited the rigidity and compactness of the complex except for fisetin. The SASA graph illustrates the protein  surface area exposed to solvent and the expansion of protein volume during simulation. 
In Fig.6C, the SASA graph of Apo and both modulators complexes shows the values of ~185 nm2 to ~140 nm2 ,respectively. The binding modulators has potentially altered the SASA and can significantly affect the protein structure. Moreover, the higher SASA value signifies that the protein volume was increased and low fluctuations were observed throughout the simulation period. When SASA and RG are combined, they provide a general trend about the protein structure and how it interacts with the surrounding solvent in the simulation. The modulators RMSD shows that both compounds have similar RMSD. Fisetin RMSD was maintained from 0.3 nm to 0.4 nm, while the RMSD of AIGM-2024-5 shows a minimal deviation at 75-78 ns, as shown in Fig.7A. The hydrogen bond analysis provides the total number of H-bond interactions formed by the modulators with YB-1 during 100ns simulation. During the simulation, favorable numbers of H-bonds are maintained in both complexes, as shown in Fig.7B and C. Importantly, compared to AIGM-2024-5, fisetin was unable to form any H-bonding interactions with YB-1 at a certain time due to its dissociation from the binding pocket of YB-1. 

Notably, molecular dynamics simulations show that AIGM 2024-5 has uniform H-bonding and stability with YB-1in the entire simulation compared to Fisetin, as shown in Figs.6and7. On the whole, all molecular dynamics simulation parameters evidently suggested that AIGM-2024-5 interacted strongly with YB-1 and was more buried in the protein binding pocket, forming a strong interaction with the surrounding proximity of the protein. Conformational snapshots of the two- modulators complexes were taken at the time intervals of 0, 25, 50 and 100ns over the entire simulation period and were used to investigate the binding mode and changes in H-bonding interactions with YB-1.
3.7. Investigation of modulators- induced conformational changes in YB-1 and their PTMs structure based on the root mean square fluctuation (RMSF)
The root mean square fluctuation (RMSF) in molecular dynamic simulation offers comprehensive insights into modulators selectivity to proteins and modulators-induced conformational changes in their target protein structure. It involves calculating the flexibility of each amino acid residue and provides a detailed understanding of the impact of modulators interaction on protein flexibility and rigidity. The RMSF graph in Fig.8A shows the residual fluctuations of apo and both modulator complexes. The initial fluctuation of apo was around 1.5nm, after which it remained stable at 0.5nm, the low fluctuation indicating the modeled protein structural stability. The RMSF graph indicated that AIGM-2024-5 has fewer fluctuations of 1.25nm when compared to fisetin at 1.75nm. This inspection sheds light on the binding of fisetin to the YB-1 active sites, which may bring more residual fluctuations compared to the apo and AIGM-2024-5 complexs. The RMSF plots of the AIGM-2024-5 and fisetin complexes indicated that the binding of AIGM 2024-5 did not significantly enhance the conformational flexibility of protein, which was also correlated with destabilization. 
In detail, Fig.8B shows the comparison of the protein rigidity and flexibility changes induced by both modulators complexes and the apo form. From this, it is clear that AIGM 2024-5 increased the rigidity of the YB-1 active sites compared to the apo and fisetin forms.  This reveals the specificity of AIGM 2024-5 towards YB-1; it may affect YB-1-dependent protein function and its interaction with other macromolecules and PPIs. From the RSMF analysis, it was clearly understood that fisetin makes almost all protein residues flexible, in contrast to AIGM 2024-5, and that the apo protein and the AIGM-2024-5 complex could stabilize the protein complex better.
3.8. Selectivity and hydrogen bond interaction investigation at regular intervals from MD trajectories
The small-molecule modulator selectivity investigation guides the perfect molecule identification towards the target protein, thereby boosting the chances of successful drug validation. In this context, the conformational snapshot was extracted from a 100 ns MD trajectory at 25 ns fixed intervals of YB-1 AIGM-2024-5 and YB-1 Fisetin complexes to analysis interactions with the target protein. The detailed interaction analysis in Figs.9A & B revealed that the control molecule fisetin has H bond contact with GLY 73, HIS87 and LYS 118 active site residues at the initial stage of MD, but over the time of 25ns, 50ns, 75ns and 100 ns no H bond interaction was observed at the protein active site. Significantly, an unfavorable donor-donor interaction was observed between the fisetin chroman-4-one ring and TYR 148, as shown in Fig.9A. This event suggests that the fisetin interaction with YB-1 is irrelevant at the target sites, which leads to an unstable complex and ligand unwinding from active sites. These phenomena are correlated with our RMSF investigations (Fig.7AandB). Thus, it indicates the control compound fisetin shows unstable binding with the protein.
On the contrary, in Fig.9B, the lead molecule AIGM-2024-5 consistently interacts with active site region and HIS 87 at 25, 50, 75,100ns intervals, it is denoting a selectively stable binding mode and strong affinity with protein active sites throughout the entire simulation period. When compared to the control molecule fisetin, the YB-1 AIGM 2024-5 complex displayed a stable system in the 100 ns MD simulation. Based on the MD simulation structural investigation, we believe that the high affinity of AIGM-2024-5 might be due to its closed structure and interaction with HIS 87 amino acids of 3- β sheet of YB-1 CSD, as well as scattered hydrophobic interactions with GLN 88, TYR 72 and their proximity of protein. 
Compared to fisetin, the AIGM-2024-5 interacted with YB-1 allosteric sites, which non-competitively affected its functions. The binding of AIGM-2024-5 to protein causes conformational changes in CSD and CTD native structures; these alterations may have an impact on YB-1 phosphorylation, DNA/RNA, and protein-protein interactions, which in turn may affect protein activities. The conformation changes induces by both modulators in PTM sites of YB-1 and their interacting partners (proteins/genes or nucleic acid) are represented in Supporting Information-1 Tables 2 and 3. In a comparative binding interaction investigation over the entire simulation period, we found that the AIGM-2024-5 remained in the binding pocket of protein, while the control molecule fisetin significantly departed from the protein target region. Overall, the AIGM-2024-5 system showed consistent binding, hydrogen bonding with YB-1 during the simulation, and the biophysical affinity validation was used to validate our findings. The detailed chemistry behind their interaction is presented in the Supporting Information -1.
3.9. MM/PBSA based free energy calculations
Estimating binding free energy is an important method in MD simulation, which provides insights into the binding affinity between small molecule modulator and proteins in the energy parameter. The MM/PBSA-based free energy calculations were carried out for both AIGM-2024-5 and fisetin complexes. The test molecule AIGM-2024-5 has a stronger binding interaction than the control molecule fisetin, according to the more negative binding energy. The overall binding energy of the AIGM-2024-5 complex was found to be -27.91 kcal/mol, while that of the control molecule fisetin was -15.02 kcal/mol, as given in Table 4. The overall binding energy of AIGM-2024-5 suggested that it generates a more stable protein- modulator complex compared to fisetin. Furthermore, each of the energy components supports AIGM-2024-5 higher binding affinity with YB-1. 

Compared to fisetin, the AIGM-2024-5 lead molecule had strong electrostatic, van der Waals, and polar solvent interactions with the protein. The stronger binding of AIGM-2024-5 with the protein is indicated by the SASA values for the test molecule being lower than those for the control molecule, fisetin. To sum up, the binding free energy estimation via MM/PBSA reconfirm that AIGM-2024-5 has a strong binding affinity and stability with YB-1 compared to the control molecule, fisetin. In conclusion, these results support the potential of AIGM-2024-5 as a favorable molecule for further YB-1 antagonist development.
4.0. Synthesis of AIGM 2024-5 lead molecule 
The identified compound from the in silico investigation AIGM-2025-5 was synthesized based on a previously reported chemo-selective functionalization method[38]. The presence of two conjugated enone systems, interconnected by the 1,4-naphthoquinonering core , makes it redox active, withstands oxidative stress[74], involves  hydrogen bonding, and consequently takes  part in several biological functions[75], including redox reactions. Additionally, pyrrolidin-2-one is a useful pharmacophore found in many bioactive compounds and has very good nucleophilicity. About 92% of all US FDA approved pyrrolidine ring-containing drugs are substituted at the N-1 position[76],[77]. 
Interestingly, the hybrid compounds overcome the traditional pharmacokinetic drawbacks, toxicity, and unwanted side effects of current conventional drugs, reducing the phenomenon of drug resistance in cancer[78].Motivated by the above context, we rationally modified the AIGM 2024-1 small molecule modulator structure by introducing a methyl acetamide and pyrrolidine group to develop and optimize the AIGM 2024-5 lead molecule. The manipulation of functional groups in the modulator provided a significant advantage in drug design and development to improve the modulators biological activity and target selectivity??Ref. The target molecule AIGM 2024-5 was synthesized based on chemo-selective functionalization similar to AIGM 2024-1. The synthesized target small molecule inhibitor AIGM 2024-5 had 96.63% purity determined by HPLC and was utilized for in vitro experimental validation. All the 1H-NMR and 13C-NMR spectra, HPLC chromatogram data were presented in the Supporting Information -1 Figs. 4 A, B, C.
1H NMR (CDCl3, 400MHz): δ 8.06 – 8.08 (m, 2H), 7.72 – 7.75 (m, 2H), 7.13 – 7.15 (d, J= 8 Hz, 2H), 6.98 – 7.01 (d, J= 8.8 Hz, 2H) 6.68 (s,1H), 4.66-4.70 (m, 1H), 3.86 (s, 3H), 2.74 – 2.81 (m, 1H), 2.28 – 2.39 (m, 1H).
13C NMR (CDCl3, 100MHz): δ 184.5, 184.5, 179.4, 160.4, 147.1, 143.9, 134.0, 133.8, 132.6, 131.7, 131.0, 130.6, 126.6, 126.3, 124.0, 114.0, 113.9, 55.4, 53.3, 30.0, 29.7, 26.5. 
HRMS (ESI): exact mass calcd. For C22H21NO6 [M + H]+, 348.1236; found-348.1243.
4.1. In vitro biophysical evolution of AIGM 2024-5 and fisetin against full-length YB-1 protein
In consideration of the shortcomings of our earlier theoretical assessment, we performed additional in vitro experimental validation on both modulator complexes with YB-1. As follows, both AIGM-2024-5 and control molecules were used to measure their binding affinity with YB-1 through MST. Stock solutions of both compounds were prepared at a 700-µM concentration. The compounds AIGM-2024-5 and fisetin were incubated with 250 nM of full-length YB-1 at ranging from 1µM to 10µM concentrations. The capillary scan, which used 90% MST power and laser on/off periods of 30 s, revealed no evidence of 250 nM YB-1 aggregation or adhesion, as presented in supporting information-3. 
The binding studies between two compounds, the AIGM-2024-5 has a Kd of 1.24 µM, while the control molecule fisetin Kd was found to be 1.46 µM, as shown in Figs.10 A and B. For AIGM-2024-5 four assays were performed, among which three gave good fits for all parameters of MST. The best three assays were taken for plotting the final graph. In the case of the control molecule fisetin, four assays were done, and only two gave consecutive dose-response curves, while the other two assays did not provide good dose-response curves, even though they fit all parameters of MST. Hence, the fisetin graph exhibited a large error bar, and SD, and interactions may be transient. The lead molecule AIGM-2024-5 has a closed-chain cyclic amide structure, especially the pyrrolidine ring, which significantly contributed to the interaction affinity with YB-1. 
Moreover, as we described in the docking results part, the niraparib PARP-1 inhibitor potentially selectively binds with YB-1 active site regions of CSD, which affects YB-1 function in a cellular context [21]. Even though AIGM-2024-5 and fisetin exhibited similar Kd values, the behaviour of AIGM-2024-5 in the assay was better in comparison to the control molecule. Therefore, the identified compound from docking, simulation data, and binding-free estimation correlates with our biophysical validation. Intriguingly, comparative biophysical analysis of the control molecule fisetin and the lead molecule AIGM-2024-5 with YB-1 reveals that the identified novel compounds have a higher binding affinity for target protein. In conclusion, the lead molecule AIGM-2024-5 showed a 15% higher binding affinity with YB-1 compared to the control molecule fisetin, which correlated with our docking and MD studies. Hence, our theoretical investigation was verified.
5.0. Conclusion
In the past two decades, YB-1 has received more attention in various medical research fields, including cancer, HIV[25], and inflammation [28], as well as cardiovascular diseases[79], due to its crucial pathological function and involvement in the disease progression[23],[80]. An inhibitor identified and validated full length YB-1was not exists. 
In the present investigation, we used a comparative modeling approach to predict the full-length YB-1 structure, which was validated through molecular dynamic simulation. Subsequently, we conducted an YB-1 dependent PPIs investigation to understand the YB-1 interacting partners and uncover their functions in diseases progression. We rationally designed five novel small molecule modulators for YB-1 (AIGM-2024-1 to AIGM-2024-5) using the scaffold hybridization method, and designed structures were optimized using DFT. Additionally, we conducted an ADME investigation for all the designed modulators and found that all molecules exhibited medicine-like properties, warranting further investigation. 

An IFD-based analogue screening was performed, and AIGM 2024-5 was selected based on its glide score, H bond interactions, and MMGBSA analysis. Importantly, the chemistry interaction mechanisms between YB-1 and AIGM 2024-5 were discussed. The interaction stability, selectivity, and modulator-binding mode of AIGM 2024-5 were elucidated through a 100ns molecular dynamics simulation. Finally, the molecule AIGM-2024-5 was synthesized, characterized, and used for experimental validation. The biophysical validation confirms our theoretical investigation of AIGM 2024-5 as a potential YB-1 modulator. It is noteworthy to mention that small molecule inhibitors from a multidisciplinary approach such as HA14-1[81], gossypol[82], and obatoclox[83], identified/designed for anti-apoptotic proteins by means of multidisciplinary approaches, have already reached different stages of clinical trials[84]. From this perspective, for the first time, we discovered a novel YB-1 modulator for whole YB-1 by utilizing a combination of in silico and in vitro methods. We strongly believe that AIGM-2024-5, the YB-1 modulator would be an effective molecule for various YB-1-influenced diseases to increase the survival probability by either alone or in combination with other drugs. Essentially, to understand the therapeutic potential of AIGM 2024-5 for various diseases, detailed invitro and in vivo studies are required.
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