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Abstract

Recent studies have shown that estrogen starvation-induced apoptosis in breast
cancer cells requires BIK, a pro-apoptotic BH3-only protein located primarily at the
endoplasmic reticulum (ER). However, glucose-regulated protein 78 (GRP78) is critical for
endoplasmic reticulum stress and has been observed to be overexpressed in breast cancer
cases due to its association with endocrine resistance and evasion from apoptosis through
negation of BCL-2 interacting killer (BIK) that induces apoptosis. Characterization of the
molecular mechanism behind the GRP78-BIK interactions will aid in designing specific
therapeutics. This Study uses a multi-level computational protocol to study the interactions
between GRP78 and two different regions of BIK: R1 (C50-C63) and the extended region
R2 (C50-C133). Analysis involved docking using HADDOCK, 100 ns molecular dynamics
(MD) simulations with NAMD/CHARMM236, RMSD, RMSF, RoG, H-bond, MM-GBSA
binding free energy calculations, per-residue decomposition, PCA, and DCCM analysis.
The results obtained from the MM-GBSA calculations showed a higher binding energy for
the R2 complex (AG bind =-50.92 £12.19 kcal/mol) than for R1(AG bind =-31.54+15.90
kcal/mol). Per-residue energy decomposition indicated that the energetic contribution of
ARG439 was significant (-10.34 kcal/mol). Hydrogen-bond analysis indicated a salt bridge
between ARG439 and ASP95 with 98% occupancy. The PCA and DCCM analyses showed
that R2 enables a “dynamic interface,” producing a synchronized functional structure and

enhanced stability of the GRP78 substrate-binding domain compared with the R1 motif. In



conclusion, this study provides a computational framework that identifies R2 as the primary
binding determinant of the GRP78-BIK complex. While these in silico results suggest a
promising molecular target in the ARG439 cluster, further biochemical assays are required
to validate these interactions and their functional implications for therapeutic resistance. Our
observations have led to a pioneering dual-anchor mechanism for the GRP78-BIK complex,
in which R1 acts as a recognition anchor and R2 as a stabilizing anchor. This precise
molecular architecture has paved the way towards designing a therapeutic approach, in
which the ARG439 hotspot cluster can be targeted to release BIK, thereby facilitating

apoptosis induction.
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1. Introduction

Breast cancer continues to be one of the major problems in oncology, being
responsible for many cancer-associated mortalities among females [1]. The clinical
treatment of this malignancy is hampered by the extensive pathologic heterogeneity and
aggressiveness of this type of neoplasm[2][3]. Thus, elucidation of cellular mechanisms,
especially the crosstalk between protein-stress pathways and apoptosis, has acquired special
importance to identify resistance mechanisms to therapy. An important component of this
crosstalk is the GRP78 and BCL-2 interacting killer (BIK), which acts as the key regulatory
pathway determining the fate of breast cancer cells. Indeed, GRP78 has been experimentally
demonstrated to physically bind BIK and inhibit BIK-induced apoptosis in breast cancer
cells, and importantly, this interaction does not require the BH3 domain of BIK, suggesting
that GRP78 recognizes an alternative, non-canonical region of the protein[4]. This BH3-
independent interaction prompted the current computational search for the specific BIK
region mediating GRP78 recognition. BIK, a pro-apoptotic protein from the BCL-2 family,

plays a key role in the process of the intrinsic mitochondrial pathway [5].

Recent studies have revealed the importance of this protein in the pathogenesis and
aggressiveness of breast cancer[6]. The primary site of localization for BIK is the
endoplasmic reticulum (ER). It helps move calcium ions and change the shape of the
mitochondrial cristae, which leads to the release of cytochrome c¢ and cell death. Normally,
BIK is known to be a tumor suppressor. However, in several types of cancer, such as ovarian,
gastric, liver, prostate, and colon cancers, BIK activity is often impaired due to genetic
abnormalities or DNA methylation, resulting in resistance to apoptosis and uncontrolled
proliferation[7]. Despite the general understanding that BIK levels are low in most tumors,
its expression can sometimes be increased in some subgroups of breast cancer and non-small
cell lung carcinoma, which surprisingly leads to worse patient outcomes[8]. It also plays an
important part in regulating autophagy in MDA-MB-231 cells, underscoring the

multidimensional role that it has in tumor development [9].

Under physiological stress, the upregulation of BIK leads to apoptosis by targeting
anti-apoptotic factors such as BCL-2 and BCL-XL[10], [11], [12], thereby promoting
mitochondrial outer membrane permeabilization[13], [14]. BIK is commonly inactivated in
breast carcinoma through the promoter hypermethylation pathway, decreasing the cell's

susceptibility to apoptosis [15], [16]. There is also evidence showing a potential connection



between the expression of BIK mRNA and ERa [17]. On the other hand, there have been

reports linking high BIK expression to higher stages of disease and poor survival outcomes.

On the other hand, GRP78, an essential ER chaperone and a major regulator of the
UPR, is generally overexpressed in cancerous tissues [ 18]. Normally, GRP78 helps maintain
proteostasis; however, when cancerous tissues are subjected to hypoxia, nutrient
deprivation, or drug therapy, GRP78 promotes cell survival [19], [20], [21]. It has been
found that GRP78 can bind with pro-apoptotic proteins, including BIK, and deactivate their
action so that breast cancer cells withstand extended periods of ER stress [22][23], [24],
[25]. The binding between GRP78 and BIK is an essential approach in inhibiting apoptosis
and is a rapidly developing field of study.

This study attempts to explore the molecular interactions between BIK and GRP78
in breast cancer using computational methods, including structural modeling, protein-
protein docking, and molecular dynamics simulations[26]. The goal is to characterize the
binding site and the amino acid residues responsible for such interactions. Using this
information, we hope to uncover new drug targets and analyze the effects of this interaction
in breast cancer metastasis and therapy resistance [27]. Two structural regions of BIK (C50-
C63 and C50-C133) will be considered in this study to determine the minimum length of
BIK required to form a stable complex with GRP78. Apart from conventional docking, an
integrative computational strategy is adopted that involves per-residue energy
decomposition to identify energetic “hot spots” and hydrogen bond occupancy to quantify
the stability of interfacial interactions. Moreover, DCCM analysis is applied to analyze the
coordinated motion patterns between the components of the complex. The objective of such
an extensive study is to develop a comprehensive mechanism that explains the manner in
which GRP78 binds with BIK, thus serving as a guide to devise inhibitors that would re-

sensitize breast cancer cells to apoptosis.

2. Materials and methods
2.1. BIK's 3D structure prediction

The amino acid sequence of the BIK protein was obtained from the UniProtKB
database by accessing ID Q13323. To build an accurate 3D model that would be used for
further docking studies and molecular dynamics simulations, three prediction software tools

named Phyre2, AlphaFold, and I-TASSER were comparatively analyzed. While Phyre2



adopted a homology-based modeling technique with threading against a library of
experimental structures[28], both AlphaFold and I-TASSER implemented sophisticated
deep learning and ab initio methods, respectively [29], [30]. Candidate structures were also
generated by AlphaFold and I-TASSER; however, following the comparative evaluation
detailed in section 3.1, the model produced by Phyre2 was selected for further analysis.
Structural optimization was performed on the selected structure using the GalaxyRefine
server, while its stereochemistry was validated using MolProbity to ascertain the quality and
correctness of the structure[31]. The optimized full-length structure was used to perform
site-directed docking studies to analyze the energy interactions between BIK and GRP78.
The choice of the target regions (C50-C63 and C50-C133) is based on the similarity in the
sequence of Pep42 and BIK, as well as on the shared cysteine-bound, disulfide-constrained
architecture described in Section 2.2, which supports the concept that GRP78 interacts with
BIK through a similar motif. The site-directed docking was performed using the
HADDOCK?2.4 web server, utilizing the default scoring functions and empirical parameters

optimized for protein-peptide interactions.

The initial structures predicted by Phyre2, AlphaFold, and I-TASSER were first
individually evaluated for modelling quality using MolProbity and Ramachandran plots in
an effort to guarantee a rigorous and reproducible model selection process. The first three
models were individually submitted to the GalaxyRefine server, which delivered five
refined candidate structures to each tool (15 candidate models in total). Each of the 15
refined PDB models was then reassessed by MolProbity, and its Ramachandran plot was
recalculated. For each tool, the best candidate was identified by comparing the five refined
models obtained from the tool based on the number of Ramachandran outliers and overall
stereochemical quality. The three resulting best models (one for each tool) were then

compared to each other to guide the final selection, as detailed in section 3.1.

2.2 Comparative Sequence and Physicochemical Analysis of Pep42 and BIK Regions

The primary structure of the BIK protein, which is a 160-amino acid-long peptide
chain with a unique transmembrane (TM) domain, was obtained from the UniProt database
[32], [33]. By virtue of the observed similarities in the primary structure of the BIK protein
and the cyclic peptide, two particular regions of the BIK protein, namely R1 (amino acids
50-63) and R2 (amino acids 50-133), were recognized to have the potential to be a GRP78-
binding motif. The boundaries of R1 and R2 were determined from the three cysteines

(Cys50, Cys63, and Cys133) of BIK, which are the only cysteines found within the 160-



amino acid chain. The rationale behind such a choice of boundary can be seen in the
structure of the disulfide-bonded circular peptide Pep42 (CTVALPGGY VRVC), where
there is an intramolecular disulfide bond between the N-terminal and C-terminal cysteines
of this peptide necessary for the selective binding to GRP78 [34]. Thus, setting R1 and R2
in the same way as Pep42 allows comparison on a structural level, not only at the sequence
level, which has precedence in recent literature [35].To calculate the level of identity in
sequences, pairwise sequence alignments between R1/R2 domains and Pep42 were done
using the Clustal Omega server by EMBL-EBI under default parameters[36]. Apart from
that, the basic physicochemical properties of R1 and R2 were assessed utilizing the ExPASy
ProtParam tool to characterize these structures better. Some of the basic calculations carried
out include the Grand Average of Hydropathicity (GRAVY), theoretical isoelectric point
(pl), among others [30][37].

2.3 Molecular docking and molecular dynamics (MD) simulation protocol for BIK and GRP78

In order to examine the conformational dynamics and structural stability of GRP78-
BIK complex formation, preliminary complex structures were created using a protein-
protein docking approach with the HADDOCK 2.4 web server. During the docking process,
the SBD region of GRP78 was considered as a receptor, while two BIK peptides (R1 and
R2) were used as ligands. Docking poses with the highest HADDOCK scores and clusters
were chosen for further simulations to assess dynamic differences and binding
characteristics of the two regions towards GRP78. The molecular systems (GRP78 protein,
BIK peptides, and their docking complex — generated through HADDOCK 2.4) were all
prepared using the CHARMM-GUI web server[38], [39], [40], [41]. Solvation of the
molecular systems took place within a rectangular box using the TIP3P water model while
they were ionized with a 0.154 M NaCl concentration. All MDS simulation runs were
performed using the NAMD 2.14 engine by employing the CHARMM?36 parameter set. In
order to stabilize the initial structures, a 5,000-step energy minimization procedure was
performed based on the steepest descent technique [31][35]. Then, all systems were
equilibrated in both NVT (number of particles, volume, and temperature constant) and NPT
(number of particles, pressure, and temperature constant) ensembles. During the production
phase, the temperature of the simulated systems was set at 310 K, while the pressure was
maintained at latm using Langevin dynamics and the Nose-Hoover Langevin piston

methods, respectively. A cutoff of 12 A was applied for van der Waals and short-range



electrostatic interactions, with a switching function starting at 10 A. Long-range

electrostatic interactions were computed using the Particle Mesh Ewald (PME) method.

The total time for which the simulations have been performed is 100ns for each
system, resulting in the generation of 1,000 frames from trajectories for each protein-ligand
complex. Post-processing analysis of the output files from the simulations was carried out
using in-house scripts within the Visual Molecular Dynamics software version 1.9.3[42],
[43], [44]. Structural properties like RMSD, RMSF, RoG, SASA, and H-bonds between
intermolecular complexes were evaluated. In order to increase the accuracy of the analysis,
the trajectories obtained were classified through UCSF Chimera software. Five frames that
represent the most populated clusters from each complex were extracted. These snapshots
were used for docking refinement and calculating the binding free energy, thus guaranteeing
the proper representation of all the dynamic forms present within the GRP78-BIK
complex[45]. Furthermore, Principal Component Analysis (PCA) was performed over the
entire 100ns simulation trajectory to capture the essential collective motions of the
complexes. Based on the top two principal components (PC1 and PC2), the Free Energy
Landscape (FEL) was constructed to map the thermodynamic stability and identify the low-

energy conformational basins (global minima) of the GRP78-BIK interaction profiles.
2.4 Molecular docking-based prediction of GRP78 binding modes

In order to analyze the binding mechanisms between BIK and GRP78, the protein-
peptide docking experiments were performed using the HADDOCK 2.4 software.
Specifically, the GRP78 receptor structure was prepared on the basis of the corresponding
crystal structure (PDB ID: 6ASY, Chain A) with all water molecules and heteroatoms
stripped off. To take into account the possible flexibility of peptides during the process,
structural clusters representing different conformations of the BIK peptide from its 100 ns

trajectory were chosen as initial dockings.

In this case, the interface for BIK and GRP78 proteins was formed by defining both
R1 and R2 peptides as active. For GRP78, the binding interface was confined to residues
that form SBD: 1426, T428, V429, V432, T434, F451, S452, V457, and 1459[38], [46]. To
determine the binding energy for each complex, the PRODIGY (Protein Binding Energy
Prediction) approach [47], [48] was used. For detailed analysis of interaction landscapes

between BIK and GRP78 complexes, the Protein-Ligand Interaction Profiler (PLIP)[49]was



applied. Finally, structural visualization and high-resolution graphical representations were

generated using PyMOL and BIOVIA Discovery Studio [50].
2.5 Thermodynamic evaluation of binding affinity via MM-GBSA calculations.

To investigate the thermodynamics of affinity between GRP78 and BIK proteins, the
MM-GBSA technique was applied [51]. Even though the initial MD simulations were
performed with the use of the NAMD package and CHARMM36 force field, topology and
trajectory files were prepared to work with GROMACS-based gmx MMPBSA software.
This was done with the help of the cpptraj tool and specific scripts written for this purpose.

In order to obtain representative conformations, the entire 100ns production
trajectory of each system was selected. For these time frames, 1000 evenly spaced frames
were taken for energy calculations. Total binding free energy was calculated based on
bonded and non-bonded internal energies, electrostatic energy, and the polar contribution to
the solvation free energy (estimated by the Generalized Born approximation). Furthermore,
non-polar solvation effects were computed based on the solvent-accessible surface area
(SASA). The Generalized Born model developed by Onuftiev et al. (GB®BC!, igh=2) was
adopted with default empirical parameters, using solvent and solute dielectric constants set
to 80 and 1, respectively. As is commonly done in analogous computational analyses, the
entropy contribution was neglected due to significant additional computing costs and
uncertainties in estimating its value. To verify this choice, the entropy contribution was
additionally estimated using the interaction entropy (IE) and second-order cumulant (C2)
approximations implemented in gmx MMPBSA, and the outcome of this test is reported in

section3.4.

The specific molecular factors behind the interaction were further investigated via
energy decomposition analysis at the level of individual residues, using the same
gmx_ MMPBSA tool. This method provides a way of decomposing the total energy of the
complex formation into smaller components associated with each residue. Comparing the
energy decomposition results between R1 and R2 systems allowed estimating the stabilizing
contribution of the surrounding residues from the R2 structure, which contributed to the
increased binding affinity to GRP78. The free binding energy (AGoinding) of each model was

determined according to the equation:

AGbinding = Gcomplex - (Greceptor + Gligand)



In this equation, Greceptor is the independent thermodynamic state of the receptor
alone, Gijgand refers to the energy of the unbound molecule, while Geompiex indicates the total
energy sum of the complexes [52]. Ultimately, these numerical calculations effectively
complement our prior dynamic structural observations. They supply a robust quantitative
framework for assessing molecular affinity. The individual energy components were further

evaluated using the following standard equation:
AGpbinding = AEmm + AGsolc - TAS
AEmM = AEint + AEeiec + AEvaw
AGsolv = AGgB + AGsa

where AEmwm is the gas-phase molecular mechanics energy (encompassing internal AEiq,
electrostatic AEelec, and van der Waals AEvaw terms), AGsoly 18 the solvation free energy
(divided into polar AGgs and non-polar AGsa contributions), and - TAS represents the
conformational entropy. Ultimately, these numerical calculations effectively complement
our prior dynamic structural observations. They supply a robust quantitative framework for

assessing molecular affinity.

2.6 Principal component analysis of conformational dynamics in the GRP78—BIK complex

In order to investigate the major collective motions and flexibility of the assembled
structures of GRP78-BIK complexes, PCA was conducted over the entire 100 ns production
trajectory to capture the essential collective motions of the complexes. The NAMD

trajectory files were converted and processed using Bio3D and GROMACS analysis tools.

Before constructing the covariance matrix, the global translations and rotations were
removed by performing a least-squares fit of the protein atoms onto the reference structure.
In order to obtain pure conformational motions, it is vital to align the trajectory using this
alignment process. Using the gmx make ndx command, an index file will be made,

designating the backbone atoms as the selection.

For the calculation of the covariance matrix and obtaining the eigenvectors and
eigenvalues for the motion, the gmx covar command was used. The motion in the direction
defined by the eigenvector with the highest eigenvalue is considered the most dominant
movement. Using the gmx anaeig module, projection was done of the simulated trajectory
on the first two principal components (PC1 and PC2)[53][54]. Subsequently, the Free
Energy Landscape (FEL) was constructed from the joint probability distribution of PC1 and



PC2 to map the thermodynamic stability and locate the low-energy conformational basins

of the complexes. The FEL was calculated using the standard Boltzmann relationship:

F(X)= -kgTInP(X)

where kg is the Boltzmann constant, T is the simulation temperature (310K), and P(X) is the

probability distribution of the system along the PC1 and PC2 coordinate axes.

2.7 Interfacial stability and dynamic coordination analysis

In order to evaluate the interfacial stability of the interaction between the BIK
segments (R1 and R2) and the GRP78 chaperone, the hydrogen bond occupancy was
analyzed during the entire 100 ns production run. According to the standard criteria of
geometry, a hydrogen bond was considered when the donor-acceptor distance was 3.5 A or
less, with maximum deviation from linear orientation less than 30° [55]. Occupancy was
calculated as the percentage of the total simulation time and served as an estimate of the
persistence and stability of individual interactions, allowing the identification of the
interaction that ensures the stability of the complex. Hydrogen bond and salt bridge
occupancies were calculated directly on the solvated NAMD system in VMD. Note that a
+1000 residue-numbering offset was intentionally introduced for the GRP78 chain during
system preparation for docking to avoid any residue numbering conflicts with the BIK
peptide (residues 1-160) when the two chains were merged into a single docked complex.
Consequently, GRP78 (segment PROB) has this offset residue numbering from the docked
complex (residues 1024-1629). The original numbering does not correspond directly to the
standard UniProt sequence numbering, since the resolved GRP78 construct used in this
study starts at UniProt residue 24. To ensure full internal consistency and concordance with
UniProt, all GRP78 residue numbers presented throughout this manuscript (including
hydrogen-bond/salt-bridge partners and the per-residue MM-GBSA energy decomposition
results, Section 2.5) have thus been normalized by subtracting 1000 from the original
docked-complex residue number (e.g., the salt-bridge donor originally labeled ARG1439 is
reported throughout this manuscript as ARG439). The sequential residue numbering
generated separately during system preparation in GROMACS/gmx_ MMPBSA was cross-
validated against this standardized numbering and corrected accordingly (see Table 4). This
correction affected only the residue-number labels used to identify each residue; the
underlying MM-GBSA energy values themselves, computed independently for each residue

position, were not altered by this renumbering.



Moreover, the overall coordination and mechanical coupling of the studied
complexes were investigated using the dynamic cross-correlation matrix (DCCM) method
[56]. Using the Bio3D module of the R software environment, the cross-correlation
coefficients (Cj) for the atomic displacements of C* atoms were determined. Coefficients
Cjj vary from -1 (completely anticorrelated atoms) to +1 (completely correlated). Cjj was
depicted as a heat map to identify areas of synchronized motions. This method allowed us
to elucidate how the flanking residues of the R2 region affect the dynamics and stability of
the binding site of the substrate in comparison to the R1 motif [57], [58].

3. Results and Discussion

The sustained upregulation of GRP78 (BiP) is a hallmark among many types of
cancers, showing high frequency especially in breast carcinoma, where it predominantly
determines the drug resistance to anti-estrogen treatment. Acting as a major chaperone of
the Hsp70 family residing in the ER, GRP78 acts as an essential regulator in the Unfolded
Protein Response (UPR) and confers proteotoxic stress-induced cell survival[59], [60][4].
A considerable number of observations made both in vitro and on biopsy samples
demonstrate increased resistance to chemotherapy in association with elevated levels of

GRP78 in breast cancer patients [61], [62].

At the center of this defense mechanism is the inhibition of BIK, which is one of the
major mediators of pro-apoptosis via BH3-containing proteins. Studies conducted on the
role of GRP78 in breast carcinomas have proven that the overexpression of GRP78
successfully antagonizes the activity of BIK, consequently providing protection against
apoptosis induced by anti-estrogens[4], [5]. Therefore, the suppression of GRP78 is
expected to result in significantly higher susceptibility to hormone-based therapy in tumor
cells. Considering the close proximity and interaction between BIK and GRP78 within
common cellular compartments, further research into the location of BIK and GRP78 is

crucial[4].

This makes BIK an attractive target for potential therapies, since methods of
restoring its expression may be employed to counter the effects caused by the inhibition of
apoptosis. Inhibitors of GRP78, proteasome inhibitors, and doxorubicin, all of which have
shown success in restoring BIK expression, could represent potential treatment avenues. [5].

Identifying the particular regions in which BIK and GRP78 overlap, as well as the unique



molecular components involved in both autophagy and apoptosis cascades, is of crucial

importance.

3.1. Comparative sequence profiling and conformational analysis of Pep42 and BIK
(R1/R2) peptides

Based on results shown in Table 2 and Figure 1, it can be inferred that there is a high
degree of sequence homology between the selected sequences of BIK and the Pep42 cyclic
peptide. Namely, residues R1 (50-63) and R2 (50-133) have sequence similarities equal to
23.08% and 25.00%, respectively. Considering that Pep42 is known to act as a specific
ligand of cell surface GRP78 receptors in cancerous cells[63]. These similarity values
provide a structural explanation for the capacity of the selected sequences to recognize
GRP78. In addition, comparative physicochemical properties of these peptides indicate that
the GRAVY value of Pep42 is 1.1, while for BIK R1 and R2 are 0.78 and 0.07, respectively.
High hydrophobicity of BIK R1, similar to Pep42, suggests its contribution to hydrophobic
contacts between BIK and GRP78 receptors. In addition to sequence similarity, R1 and R2
peptides also possess a secondary structural element common to Pep42, as depicted in
Figure 1 below: both R1 and R2, as well as Pep42, possess cysteine bonds at their N- and
C-termini (Cys50-Cys63 for R1, Cys50-Cys133 for R2, and Cys1-Cys13 for Pep42). This
is characteristic of the secondary disulfide-stabilized cyclic structure that mediates the
specificity of Pep42 toward GRP78 [34]. It adds another dimension of evidence for choosing
R1 and R2 as GRP78 binding sites regardless of their sequence similarities. After
performing the sequence-based analysis, the 3D structure of BIK was modeled with Phyre2
and further optimized using the GalaxyRefine server. In order to verify the correctness of
the model before further simulation studies, the stereochemistry of the structure was
analyzed through MolProbity. The optimized model structure (Figure 2A) was found to be
very consistent based on the Ramachandran plot (Figure 2B), where 89.2% (141 out of 158
residues) fall within the most favorable region, and 98.1% (155 out of 158 residues) lie

within the allowed region.

To justify the choice of the Phyre2-derived model over AlphaFold and I-TASSER,
the initial structure generated by each of the three tools was submitted to the GalaxyRefine
server, resulting in five refined candidate models per tool (15 candidate models in total). For
each of the 15 models, the individual MolProbity evaluation identified the best candidate
(lowest MolProbity score, lowest clashscore, and fewest Ramachandran/rotamer outliers

among the 5 candidates from each tool). The best model for each tool was AlphaFold



(MolProbity score = 1.34, 98th percentile), Phyre2 (MolProbity score = 2.17-2.20, 64th-
66th percentile), and I-TASSER (MolProbity score = 2.84, 29th percentile). The AlphaFold
model had a numerically better all-atom geometry score, but the per-residue confidence
(pLDDT) analysis revealed an average pLDDT of 62.5 (low) with ~60% of the sequence in
the low-to-very-low confidence range and a very disordered loop conformation covering
residues around the R2 motif (~120-145). This is in line with the known intrinsically
disordered nature of the BIK N-terminal region. Since a stable, well-folded conformation of
this region was needed for reliable docking and MD simulation of the GRP78-BIK
interface, the Phyre2 model generated by homology-based threading against experimentally
resolved templates was used instead to provide a more compact and biologically
representative fold for this segment. The final model (Model 2) was selected from five
candidate models generated by Phyre2 based on its ranking by the GalaxyRefine server and
its side-chain packing quality (98.60% favored rotamers, 1.40% poor rotamers, and the
lowest CB-deviation and CaBLAM outlier counts among the five candidates), qualities that
are particularly pertinent to interfacial hydrogen-bonding and hydrophobic contact
formation in the ensuing docking and MM-GBSA analyses. Another Phyre2 candidate
(Model 3) was observed to have a marginally better backbone Ramachandran distribution
(Z-score —2.83 versus —2.97) and a better overall MolProbity score (2.17 versus 2.20);
however, this difference was small (AMolProbity = 0.03) and did not outweigh the better
side-chain quality of Model 2 for this study.

Table 1: Comparison of the best-performing refined model (selected from among five GalaxyRefine candidates)
obtained from each of the three structure-prediction tools.

Tool Best Clashscore | MolProbity Favored | Ramachandran | Cf Deviations | CaBLAM
Model Score Rotamers Favored Outliers
(Percentile)
AlphaFold | Model2 6.22 1.34 (98™) 98.60% 99.37% 0.00% 0.00%
Phyre2 Model2 10.11 2.20 (64™) 98.60% 89.60% 5.26% 9.60%
I-TASSER | Model4 33.83 2.84 (29 96.50% 81.01% 15.79% 8.33%




Table 2: Comparative Analysis of Pep42 and BIK Regions R1 (C50—C63) and R2 (C50-C133)

. . Sequence
o,
BIK region Sequence Identity % GRAVY length
R1: C50-C63 23.08% 0.786 13
R2: C50-C133 25.00% 0.07 83
Pep42 100.00% 1.1 13
R2 1 C'IME‘.GSDALAI:RLACIGDEM[.)VSLRAPRLA;}LSEVAMHSL(‘;LAFIYDQTEI;IRDVLRSE‘MI;
PEPA2 e e
ciisensus> FO e v m e w e w8 w8 N G % S R WL W R LN e e % e e e e e e e e e
R2 61 GFTTLKENIMRFWRSPNEESHESC.
Pep4d2 ) w s wmans £ & B CTVALIJEGYNRVC
CORSBnBGISTO = v e w oo e 6 a W ¥ . e
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Figure 1 The pairwise sequence alignment of the BIK regions (R1: C50-C63 and R2: C50-C133) with the cyclic peptide
Pep4?2. The alignment was made by Clustal Omega and visualized by ESPript 3.0, while the structures were depicted by

PyMOL.
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Figure 2 (A) Phyre2 3D structure for the BIK protein, (B) analysis of the Phyre2 model for the BIK protein using a
Ramachandran plot

These metrics, combined with the physicochemical profiles detailed in Table 2,
validate the BIK model as a robust template for high-resolution molecular modeling and

docking studies.

3.2 Structural Insights into GRP78-BIK Binding Modes at Regions R1 and R2

To investigate the mechanism of the protein-protein interactions between BIK and
GRP78, macromolecular docking was carried out utilizing the HADDOCK 2.4 software
package. The docking simulation involved targeting the SBDB domain of the GRP78
receptor (PDB: 6ASY, Chain A). In particular, the primary interaction pocket of GRP78
receptor was considered in this work, including residues 1426, T428, V429, V432, T434,
F451, S452, V457, and 1459.

To allow for the conformational flexibility of BIK, the five structural clusters
identified from the MD simulation trajectories of the BIK protein were used as ligand

models in the docking simulation.

The energetic parameters of the complexes generated are provided in Figure 3,
showing the mean HADDOCK score and binding affinity (AG) values along with their
respective standard deviation. Specifically, the R1-GRP78 complex possessed an average

HADDOCK score of —53.78 + 2.82 and a binding affinity of —7.36 + 1.06 kcal/mol.



Conversely, the R2-GRP78 complex possessed an average HADDOCK score of —30.16 +
7.56 and a remarkably low binding energy of —11.29 = 1.63 kcal/mol.
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Figure 3 Average docking scores and binding fiee energies (4G) of BIK regions Rl (C50—C63) and R2 (C50-C133) with
GRP78, as computed using the HADDOCK v2.4 web server.

This suggests that the energy levels associated with the two peptides are different. It
is observed that R1 scores higher in the HADDOCK score, which denotes an improvement
in terms of docking geometry and complementarity, while R2 scores better in terms of its
thermodynamic energy score. This is evident from the low AG value of the R2-GRP78 SBD
protein complex. The reason behind such an observation lies in the additional interactions
facilitated by the surrounding residues. Overall, the results reveal that both R1 and R2 motifs
of BIK can interact effectively with the GRP78 SBD domain.

3.3 Conformational Dynamics, Stability, and Residual Flexibility (100 ns MDS)

In order to explore the full range of BIK conformations and binding energy during
complex relaxation processes, 100-nanosecond-long MD simulations were performed for
the isolated BIK, isolated GRP78, and the GRP78-BIK complexes (termed R1 and R2). It
was determined from the analysis of RMSD that the simulated time scale was sufficiently
large to provide adequate equilibration of proteins. Further analysis was based on RMSD
(Figure 4A), radius of gyration (RoG) (Figure 4B), total intermolecular hydrogen bonds
(Figure 4C), and solvent-accessible surface area (SASA) (Figure 4D).



Based on the obtained RMSD trajectories, it is clear that all studied systems were
stable within 100 ns of the production run. The average RMSD values (with SD) were found
to be 8.4 + 1.4 A for BIK, 4.2 = 1.2 A for GRP78, 5.9 + 1.3 A for the BIK_R1-GRP78
complex, and 4.06 £ 0.75 A for the BIK R2-GRP78 complex. Such results confirm the
equilibration state for all simulated structures, with R2 showing the highest structural

stability. The R2 structure exhibits fewer fluctuations than the other complexes.

Validation using RoG, SASA, and hydrogen-bond analyses has shown that no
significant changes in stability occurred. Specifically, the values of SASA were quite stable,
averaging around 11,460.1 A2 (BIK), 31,182.5 A2 (GRP78), 41,689.6 A2 (BIK Rl
complex), and 41,465.7 A2 (BIK_R2 complex). In addition, the value of RoG averaged at
about 17.3 A (BIK), 29.6 A (GRP78), 34.8 A (BIK_R1 complex), and 33.7 A (BIK_R2
complex). These data confirm that no significant expansion of the complexes occurred,
maintaining a compact fold of protein molecules. Moreover, the intermolecular contact
network in the R2 complex was greatly strengthened, and the number of hydrogen bonds
reached its highest level, at 197.2 compared to 175.7 in the case of R1. This increase in the

hydrogen bonds explains the high level of interaction in the R2 region.

Supplementing the previous observations, Figure 4E provides RMSF values.
Average RMSF values for different proteins were calculated as 2.8 = 1.6 A (BIK), 2.1 £ 1.1
A (GRP78),3.5+ 1.9 A (BIK_R1-GRP78), and 2.4 = 1.6 A (BIK_R2-GRP78). Based on
the analysis of the RI-GRP78 complex (blue color), one can observe an increase in
fluctuations in the SBDa region of GRP78. In contrast, the R2-GRP78 complex (green)
maintained a stability profile nearly identical to the isolated BIK and GRP78 proteins,
suggesting a highly rigid, energetically favorable binding mode that minimizes entropic loss

upon association.
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Figure 4 (4) the root mean square displacement (RMSD, A), (B) radius of gyration (Rg, A), (C) H-bond and (D)
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molecular dynamics (MD) simulation for BIK (black), GRP78 (red), R1 _GRP78 complex (blue) and R2_GRP78 complex
(green).

3.4 Thermodynamic Assessment and Per-residue Energy Decomposition of GRP78-BIK
Binding

The calculation of the binding free energies and identification of contributions from
individual residues to thermodynamic stability were performed using the MM-GBSA

approach combined with the per-residue energy decomposition analysis, using the snapshots

850



collected during the entire 100ns of the molecular dynamics simulations. As shown in Table
3, the interaction of the GRP78 protein with the BIK R2 fragment was associated with
significantly lower (AGoinda =
interaction with the BIK_R1 fragment (AGpind = —31.54% 15.90 kcal/mol). Such a difference

—50.92 + 12.19 kcal/mol) binding free energy than its

suggests an increase in the stability of interactions of the GRP78 protein with the extended
BIK R2 fragment. The entropic contribution to binding was further estimated using the
Interaction Entropy (IE) and second-order cumulant (C2) approximations. In both
approaches, the AGuing estimates we obtained were strongly divergent (roughly +100 to
+7,300 kcal/mol) and physically unrealistic, instead of a meaningful correction to the
enthalpy-based values above. This behavior is a known failure mode of exponential-
averaging entropy methods, which fail to converge once the standard deviation of the
interaction energy distribution (61E) exceeds ~15 kJ/mol, and produce unrealistically large
entropies once GlE exceeds ~25 kJ/mol [64]. The systems studied here, BIK R1-GRP78
and BIK R2-GRP78, showed much larger fluctuations (¢ = 330-400 kJ/mol) well outside
this convergence limit. This result empirically validates the numerical unreliability of
entropy estimation for the systems in question, supporting the use of the enthalpy-dominated
AGping. This result provides empirical evidence for the numerical unreliability of entropy
estimation for the present systems, supporting the use of the enthalpy-dominated AGuind
values reported above as relative, comparative measures of binding strength between R1

and R2, rather than as absolute, experimentally comparable quantities.

Table 3: Binding free energy calculations for BIK_R1-GRP78 complexes and the BIK_R2-GRP78 complex via the MM-

GBSA method

AGpina AEVDW AEgL AGB(Egs) | ASA (Esurr) AGgas AGsorv
(Kcal/mol) | (Keal/mol) | (Kcal/mol) | (Kcal/mol) | (Kcal/mol) | (Kcal/mol) | (Kcal/mol)
£ g
5l £ -31.54 -63.12 613.95 -572.79 9.63 550.83 58037
- s
1~ +15.90 +9.24 +77.66 +72.53 +1.90 +79.45 +71.90
£z
2z -50.92 -80.43 433.69 -391.22 -12.97 353.26 -404.19
I
2 | 41219 +9.37 +93.43 +89.69 +1.42 +95.25 +89.02




According to energy decomposition analysis, the van der Waals interactions (AEvaw)
contribution was larger for the BIK R2-GRP78 interaction (—80.43 + 9.37 kcal/mol) than
for the BIK R1-GRP78 one (—63.12 £ 9.24 kcal/mol). The electrostatics contribution
(AEciec) for the BIK R2-GRP78 complex (+433.69 + 93.43 kcal/mol) was different
compared to BIK R1 (613.95 £77.66 kcal/mol). The increased values of these parameters
suggest the altered hydrophobic packing and complementary charge distribution of the BIK
fragments bound to GRP78.

The analysis of contributions of different types of solvation energy showed
significant differences between the complexes. While the polar solvation energy
contribution AGgs was (-391.22 £ 89.69 kcal/mol ) for BIK R2 compared to (-572.74 +
72.53 kcal/mol ) for BIK R1 complexes, the opposite trend was observed for nonpolar
solvation energy AGsa. The value was —12.97+ 1.42 kcal/mol for R2 vs —9.63 + 1.90
kcal/mol for R1. The total solvation energy (AGsolv) was estimated to be -404.19 + 89.02
kcal/mol for R2 and -582.37 + 71.90 kcal/mol for R1.
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Figure 5: per-residue binding free energy decomposition of GRP78-BIK complexes. Comparative analysis of the energetic
contributions of key residues in the R1 (blue) and R2 (orange) binding regions. The vertical axis represents the total binding
free energy (AGuing) in keal/mol. Identification of primary "hotspot” residues, where ARG:439 in GRP78 and PHE:92 in BIK exhibit the
most significant stabilizing contributions in the R2 complex. The denser and more favorable (negative) energy profile in the R2 region
highlights the role of flanking residues as "molecular anchors" that enhance thermodynamic stability and mitigate the polar solvation penalty,
providing a structural basis for the high-affinity GRP78-BIK interaction.
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The gas-phase interaction energy value AGgas proved to be 353.26 + 95.25 kcal/mol
for R2 compared to 550.83+ 79.45 kcal/mol for R1. This can be attributed to significant
enthalpic effects in both systems that were able to balance the thermodynamic behaviors.
As a means of exploring the mechanism behind this thermodynamic behavior, the per-
residue energy decomposition was performed in order to determine the role of hotspot
residues in driving the interactions between proteins and peptides, as described in Figure 5
and Table 4. It is clear from the results that the excellent binding strength of R2 was due to
the existence of highly energetic residues at certain positions on the GRP78 peptide,
including ARG:439 and ARG:466, which were associated with energy values of -10.34
kcal/mol and -3.17 kcal/mol, respectively. These residues demonstrated great electrostatic

localization, serving as electrostatic anchors that stabilized the binding of the BIK peptide.

Table 4 Per-residue binding free energy decomposition (kcal/mol), electrostatic and van der Waals for the GRP78-
BIK complex in Region 1 (R1) and Region 2 (R2) calculated using the MM-GBSA method.

Regions Residue Total Electrostatic Van der Waals
Energy(kcal/mol)

L:A:SER:47 -2.2+11.8 11.73+13.6 -1.5+1.3
L:A:LEU:48 -1.88+11.8 -0.99+£2.99 -2.36£1.56
L:A:CYS:50 -1.066+8.8 -0.66+4.6 -1.86+0.98
L:A:ALA:58 -1.15+4.87 -0.72+£2.5 -1.18+1.01
L:A:LEU:61 -1.059+6.69 0.33£2.16 -1.19+1.29

R1 L:A:LEU:158 -1.2248.72 -1.14£4.5 -1.4+1.43
L:A:LEU:159 -1.64+7.02 -1.3443.65 -1.84+1.35
R:B:VAL:432 -3.3948.55 0.35+4.1 -3.5+1.45
R:B:MET:433 -1.1948.18 -0.35+£5.33 -0.5+£2.3
R:B:LYS:435 -2.39+38.96 -161.24+28.8 -0.11+£1.9
R:B:VAL:453 -1.5+10.36 0.168+6.15 -1.54+1.28
R:B:LEU:468 -2.29+12.25 0.23+6.64 -2.54£2.19
R:B:ARG:488 -3.18+31.07 -76.34+22.57 -0.157+1.85
R:B:VAL:490 -3.13+7.88 -2.66+4.10 -2.68+1.5
L:A:ARG:76 -2.84+28.02 -41.5+19.9 -1.68+2.13
L:A:LEU:77 -1.05+8.02 0.079+3.85 -1.49+1.53
L:A:GLN:79 -3.234+9.64 -5.09+5.95 -3.45+1.48
L:A:PHE:92 -3.906+6.67 -7.61+3.58 -2.5+1.36
L:A:ILE:93 -1.39+10.77 -2.017+5.42 -1.16+1.68
L:A:GLN:96 -1.67+9.85 -4.43+6.31 -1.59+1.83
L:A:VAL:103 -1.88+5.74 0.406£2.59 -1.77£1.42
L:A:PHE:107 -1.19+5.29 0.06+2.09 -1.48+1.39
L:A:LEU:114 -1.3945.3 -0.12+1.97 -1.34+1.42

R2 L:A:LEU:142 -1.78+5.65 1.208+2.42 -1.85+1.26
L:A:LEU:143 -1.04+6.94 0.28+3.15 -1.27+1.69
L:A:LEU:146 -3+£7.09 0.62+3 -3.32+1.31
L:A:PRO:149 -1.63+5.89 -1.194£2.67 -1.54+1.33
L:A:LEU:150 -1.05+8.58 -0.79+4.41 -1.19+1.9
R:B:VAL:432 -3.59+8.55 -2.17+4.79 -3.51+1.27
R:B:ARG:439 -10.34+18.59 -157.68+13.44 2.204+3.24
R:B:GLN:449 -1.35+7.66 -3.05+£3.94 -1.5+1.45
R:B:ILE:450 -2.84+7.04 -0.59+3.64 -2.56+1.54
R:B:PHE:451 -1.29+6.05 -1+2.59 -1.29+1.40
R:B:VAL:453 -2.4449.15 -0.49+4.62 -3.2+1.27
R:B:ARG:466 -3.17429.3 -147£21.66 0.13£2.35
R:B:PRO:467 -2.98+5.63 -4.07£2.5 -2.81+1.14




As for the ligand itself (BIK), some residues like PHE:92 (-3.90 kcal/mol) and
GLN:79 (-3.23 kcal/mol) were revealed to be the key binding determinants of the R2 system.
The existence of such residues, which have not been identified or have been poorly
recognized in the R1 system, contributed to the large decrease in the overall binding energy.
In terms of therapeutic applications, the determination of these hotspots (in particular,
ARG:439 and PHE:92) represents the exact point where drugs may be targeted against the
GRP78-BIK complex. Small molecules and peptidomimetics capable of reproducing such
interactions would result in effective disruption of this complex, thus facilitating BIK-

induced cell death in chemotherapy-resistant breast cancer cells.

Overall, this MM-GBSA study, coupled with per-residue analysis, highlights the
importance of taking into account many interactions at the level of individual amino acids

when assessing protein-ligand stability.

3.5 Principal Component Analysis and Free Energy Landscape of Regional Conformational

Dynamics

When we look at the eigenvalues in the plot, we can see that the two systems are
very different when it comes to how flexible they are. The R1 system is an example. The
first part, PC1, explains a lot of the variation (42.62 %), while the second part, PC2, explains
about 19.12 %. Together, the first two parts explain about 61.75 % of the variation. The R2
system 1is different. The first part, PC1, only explains about 24.99 % of the variation. The
second part, PC2, explains about 15.15 %. So the first two parts only explain about 40.15
% of the variation. It means the R2 system is more stable and compact. It does not change
shape much like the R1 system. The extra parts on the R2 system help to make it more
stable. They stop the changes that can happen. They make the binding interface more rigid.
The R2 system has a restricted conformational space. This is because of the flanking
residues in the R2 region. They help to dampen the scale of global fluctuations. The R2
complex is more stable. The R1 and R2 complexes have different behaviors when we look

over a long period of time (100 ns).

When we look at the R2 complex, we see that it has stable movements around a
certain point, moving between -20 and +20 nm. This shows that the R2 complex is very
stable and reaches its shape quickly. On the other hand, the R1 complex has a very different
behavior. It starts at -40 nm and moves up to over +60 nm by the end of the time. This big
change in the R1 complex means that it is always changing its shape and never settles into

one position, especially when the R1 complex is associated with GRP78.



When we look at the trajectory in two dimensions on the PC1 and PC2 subspaces,
we can see the same trend because of the colors that change over time in the matrix. The
GRP78-R1 complex is over the place, and the different shapes it can be in are really far
apart. If we look at the parts of the movement, which are red, they are not near the starting
shapes, which are blue. On the other hand, the GRP78—R2 complex is much more compact
during the 100 ns simulation. We can see how the protein and the ligand move together and

change shape over time when we use PCA.

To provide proof for these results and show the energetics behind this, we created
the Free Energy Landscape (FEL) graph for both regions. As it is seen in the FEL plot for
R1, the landscape looks extremely open with great distances in PC1 from -40 nm to more
than +60 nm and in PC2 from -40 nm to +40 nm. Besides, the stable red zones here are split
into independent small areas, thus indicating that R1 is unstable and continuously fluctuates
among a variety of conformations. By contrast, in the FEL graph for R2, a much more
compact and enclosed structure is revealed. In particular, PC1 here changes from -40 nm to
+30 nm, whereas PC2 changes from -30 nm to +30 nm. The red stable areas here are
concentrated in one continuous energy well located centrally on this graph. Thus, these
results clearly indicate that additional residues in R2 contribute to the rapid and reliable
fixation of the complex in its single energy-stable conformational state, as was revealed by

PCA trajectories.
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Figure 6: Scree plot and eigenvalue decomposition comparison between GRP78—BIK Region 1 (R1) and Region 2 (R2)
complexes over the 100 ns molecular dynamics simulation. The bar chart represents the variance explained by individual

principal components (modes 1-15), while the line plots indicate the cumulative variance percentage.
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Region 2. The trajectories are projected onto the subspace defined by the first two principal components (PC1 vs. PC2) over
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localized structural stability of the R2 complex versus the wide conformational sampling of the R1 complex.
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conformational transitions and equilibrium convergence behaviors of both systems.
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BIK

Figure 10 The superposition of the two complexes of BIK at R1 (right) (shown in blue cartoon) and R2 (left) (cyan
cartoon) with GRP78. Yellow sticks are the interacting residues from GRP78 in both complexes.

3.6. Interfacial Stability and Dynamic Coordination Analysis

To examine the stability of the GRP78-BIK complex structure over time and the
synchronization of their movements, an interfacial hydrogen bond analysis and Dynamic

Cross-Correlation Matrix calculation were performed.

3.6.1. Hydrogen Bond Dynamics and Salt-Bridge Stability

The stability of the GRP78-BIK complexes relies mainly on the large network of
polar interactions. As seen from Table 5, the BIK R2 complex has a more favorable
hydrogen bond pattern than R1 in terms of greater persistence and optimal geometry. The
crucial point is that the formation of a stable salt bridge between ARG439 and ASP95 has
been found, with an excellent occupancy rate of 98% throughout the entire 100ns simulation
period. This interaction serves as a "structural anchor" that prevents the peptide BIK from

detaching from the GRP78 binding site and makes it resistant to thermal perturbations.

The significance of the Arginine residues in stabilizing the complex structure can be
seen from the consistency between MM-GBSA binding scores and occupancy rates.
Interestingly, the residue with the highest per-residue energetic contribution (ARG439, see
Table 4) is the same residue that participates in the persistent salt bridge with ASP95
described above (98% occupancy). This residue also serves a dual stabilizing role at the R2
interface, providing the largest single energetic contribution to the binding free energy and
the most persistent structural interaction of the complex, thereby designating it as the
principal molecular anchor of the R2 interface. In particular, ARG439 has the largest single

electrostatic term of all residues in the interface (see Table 4). In these same metrics, a



second different arginine residue is found consistently directly behind ARG439. ARG466
has the second highest total binding energy, the second highest electrostatic contribution,
and the second most persistent hydrogen bond of the interface with ASP99 (55% occupancy
rate). Another relatively minor interaction, SER47-MET433 (with an occupancy rate of
55.86%), was also observed in R1.

On the ligand (BIK) side of the interface, PHE92 and GLN79 were the two strongest
energetic contributors with total binding energies of -3.90 and -3.23 kcal/mol, respectively
(see Table 4), comparable to ARG466 on the GRP78 side. In particular, the physical basis
of their stabilizing contribution is markedly different from the GRP78-side arginine
hotspots: while ARG439 and ARG466 are dominated by favorable electrostatic interactions
consistent with salt-bridge formation, both PHE92 and GLN79 exhibit net unfavorable
electrostatic terms that are compensated by strongly favorable van der Waals contributions
(-2.50 and -3.45 kcal/mol, respectively). This suggests that PHE92 and GLN79 are involved
in stabilizing the R2 interface mainly by hydrophobic packing and not by electrostatic
complementarity, in addition to the electrostatically driven anchoring of the GRP78-side

arginine residues.

Table 5: Hydrogen bond and salt-bridge occupancy at the GRP78-BIK interface. The R2 complex displays
exceptionally stable interactions, notably the ARG439-ASP95 salt-bridge with 98% occupancy.

RDe (s)irilczlre icecs?gfg Occupancy% Itge:;;;telo Stability

SER47 MET433 55.86 H-bond High

LYS435 ASP46 53.75 H-bond High

R1_Complex ARG466 GLU28 52.85 H-bond High
ARG488 LYS160 44.84 Hbond ~ Moderate

high
ARG439 ASP95 98 Salt Very high

R2_Complex Bridge
ARG466 ASP99 55 H-bond High
ARG76 GLU494 40.4 H-bond High

The hydrogen bond distance distribution (Figure 11) supports these observations,
showing a sharper, more intense probability density peak for R2 at shorter distances (< 0.30
nm) compared to R1. Additionally, the angle distribution (Figure 8) confirms that R2
maintains more geometrically favorable bond orientations (peaking near 10-15°), ensuring

maximum orbital overlap and bond strength.
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Figure 11: Hydrogen bond distance and angle distribution analysis. The sharper probability peaks for region 2
indicate more stable and geometrically favorable binding contacts.

3.6.2. Dynamic Cross-Correlation Matrix (DCCM) Analysis

Dynamic Cross-Correlation Matrix (DCCM) analysis was performed to investigate
the correlated movements of the residues from the BIK and GRP78 proteins. Heatmaps
obtained through the analysis (Figure 12A) reveal a distinct difference in the correlated
dynamics. Specifically, the BIK R2—-GRP78 complex (Figure 9B) exhibits a significantly
stronger and structured correlation pattern (cyan/blue areas) compared to the R1 system.
These observations imply that the R2 site and GRP78 SBD constitute a functional unit that
moves synchronously. The formation of a robust salt bridge network, particularly with the
arginines mentioned above, facilitates a strong coupling of the ligand with the receptor, thus
preventing spontaneous and unpredictable movements of the receptor. All of the
aforementioned results strongly suggest that the R2 domain fosters a more unified

interaction that is necessary for GRP78 inhibition.
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Figure 12: Dynamic cross-correlation matrix (DCCM) of (A) region 1 and (B) region 2 complexes. The more prominent
cyan regions in R2 signify highly synchronized and correlated motions between the ligand and receptor.

Conclusion

In this study, an attempt was made to present a detailed and robust molecular
analysis of the GRP78-BIK interaction, an important complex responsible for apoptosis

escape in endocrine-resistant breast cancer. The current paper presents fundamental



information about the structural details of the functional complex that may serve as the

ground for further research on drug design.

Firstly, a series of computationally based methods was used, which included
homology studies followed by rigid-body docking using HADDOCK v2.4. The preliminary
results highlighted Region 1 (R1: residues 50-63) because of the sequence similarity to the
Pep42 binder and good docking score values. However, the integration of MDS performed
for 100 ns and carried out using NAMD software with the CHARMM?36 force field required
a revision of the preferred mode of binding. According to RMSD/RMSF/SASA/RoG
graphs, the dynamics proved to be stable for both binding modes. Besides, in favor of the
R2 GRP78 complex, a more negative binding free energy value was shown as the result of

MM-GBSA (R2: -50.92 + 12.19 kcal/mol; R1: -31.54 £+ 15.90 kcal/mol).

An important molecular property of the studied complex is that of a multi-functional
binding site at the interface of Region 2. Using the per-residue energy values, a single
arginine residue, ARG439, was recognized as the main anchor of the R2 interface, as it is
the highest single energy binder contributing more than 10 kcal/mol to the total binding
energy, while hydrogen bond analysis revealed that ARG439 forms a permanent salt bridge
with ASP95 (occupancy rate 98%), acting as the structural anchor of the interface. Thus,
being both the strongest energy and the most persistent structural contributor to the binding
process makes ARG439 the key player in maintaining the stability of the R2 interface. A
secondary arginine residue, ARG466, also provides stabilization through the second highest
contribution to the electrostatics of the interface and the second most persistent hydrogen
bond (occupancy rate 55% with ASP99). From the BIK side of the interface, PHE92 and
GLN79 were found to contribute the highest to the total energy of the binding (-3.90 and -
3.23 kcal/mol, respectively), being responsible for the van der Waals packing.

Dynamic differences in this system were found based on principal component
analysis and DCCM results. In fact, from the analysis, it appeared that both systems had a
stable core, but the R2 system had a different correlation pattern than that of R1, which
signifies a more dynamically coupled interface. This can be observed from the PCA scree
plot and 2D projection (Figure 6&Figure 7) and free energy landscape (Figure 9), and a
higher level of cross-correlation between the ligand and GRP78 receptor in the DCCM
(Figure 12). It fits well with the idea of an adaptive interface in R2 since there is much
higher correlation between ligand and receptor movements, the accessible conformational

subspace becomes significantly smaller (R2: 40.15% vs. R1: 61.75% of variance explained



by the first two principal components — that is, the motion pattern is less diffuse), and the
whole complex finds itself in one unique, thermodynamically favorable energy minimum
rather than on a widely dispersed multi-minima energy landscape like R1. This convergence
of results provides support for considering the binding site in question as an adaptive
interface. However, identification of the exact nature of adaptivity (induced fit or
conformational selection) will require additional experimental data, such as comparing apo-

and holo-complexes.

From a clinical perspective, this means that the disruption of this dynamic interface
can be considered a promising target for the disengagement of BIK. It is likely that by
disrupting the connection of GRP78 with BIK, it will be possible to reactivate apoptosis in
endocrine-resistant tumors. Specifically, the structural insights obtained from the hot-spot
residues and the rigid binding interface found in R2 can directly guide future drug design.
To advance this therapeutic strategy, future work will focus on performing in silico alanine
scanning mutagenesis on these identified hot-spot residues. This next step will precisely
quantify their individual energetic contributions to the interface stability, thereby providing
a definitive structural template for designing targeted small-molecule inhibitors or

peptidomimetics to overcome breast cancer chemoresistance.

Overall, this study provides a molecular blueprint for targeting the GRP78-BIK
interface, offering a strategic foundation for developing small-molecule inhibitors to

overcome endocrine resistance in breast cancer.
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