Mutation in MCL1 predicted loop to helix structural transition stabilizes MCL1-Bax binding interaction favoring cancer cell survival
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Highlights
· Interaction of MCL1 with the other Bcl2 family members like Bax/Bak is essential for maintaining homeostasis.
· The deleterious SNP at the BH3 domain, which is the site of Bax binding, favors the affinity of Bax towards MCL1.
· Mutation at the hydrophobic core of MCL1 stabilizes the protein and its binding interaction to Bax through loop to helix structural transition which might be responsible for tumorigenesis.
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Abstract
Myeloid cell leukemia-1 (MCL1), an anti-apoptotic BCL-2 family protein plays a major role in the control of apoptosis as the regulator of mitochondrial permeability which is deregulated in various solid and hematological malignancies. Interaction of the executioner proteins Bak/Bax with anti-apoptotic MCL1 and its cellular composition determines the apoptotic or survival pathway. This study highlighted the deleterious MCL1-Bax stabilizing effect of the mutation V220F on MCL1 structure through computational protein-protein interaction predictions and molecular dynamics simulations. The single point mutation at V220F was selected as it is residing at the hydrophobic core region of BH3 conserved domain, the site of Bax binding. The molecular dynamics simulation studies showed increase in stability of the mutated MCL1 before and after Bax binding comparable with the native MCL1. The clusters from free energy landscape found out structural variation in folding pattern with additional helix near the BH3 domain in the mutated structure. This loop to helix structural change in the mutated complex favored stable interaction of the complex and also induced Bax conformational change. Moreover, molecular mechanics based binding free energy calculations confirmed increased affinity of Bax towards mutated MCL1. Residue-wise interaction network analysis showed the individual residues in Bax binding responsible for the change in stability and interaction due to the protein mutation. In conclusion, the overall findings from the study reveal that the presence of V220F mutation on MCL1 is responsible for the structural confirmational change leading to disruption of its biological functions which might be responsible for tumorigenesis. The mutation could possibly be used as future diagnostic markers in treating cancers.
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1. Introduction
A critical hallmark of cancer cell survival is evasion of apoptosis. Apoptosis is a dynamic programmed cell death pathway to maintain tissue homeostasis, embryonic development and immunity. Notably, apoptosis deregulation has a major role in tumorigenesis, neurodegeneration and autoimmune diseases [1]. The Bcl-2 family proteins regulates the intrinsic or mitochondrial apoptotic pathway by the interactions among its different members that regulate mitochondrial outer membrane permeabilization (MOMP), with subsequent activation of caspases leading to apoptosis. Successful therapeutic interference of MOMP regulation in diseases like cancer needs to understand the factors mediating the major interactions of Bcl-2 proteins [2]. Bcl-2 family has three groups of proteins based on their BH domains and functions. First group includes the anti-apoptotic Bcl-2 proteins like Bcl-2, Bcl-xL, Bcl-w and MCL1, which prevent the release of mitochondrial cytochrome c, thereby inhibiting apoptosis. Second group includes the pro-apoptotic effectors Bax and Bak, which lack the N-terminal BH4 domain, either of which is needed for cytochrome release and occurrence of apoptosis. The third class is the pro-apoptotic BH3-only proteins (Bim, Bid, Puma, Noxa, Bad, Bmf, Bik, Hrk), with a single BH3 domain needed for their interaction with the other two groups [3–6]. The verdict between cell survival and death depends on the exact balance of these anti- and pro-apoptotic proteins. During homeostasis, anti-apoptotic proteins bind to and sequester both BH3-only proteins thereby ensuring cellular survival.
Anti-apoptotic Bcl-2 family proteins control the pro-apoptotic activity of Bax, either direct interaction with Bax or indirectly by sequestration of activated BH3-only proteins or both. MCL1 is one of the important members of Bcl-2 family of prosurvival / anti-apoptotic proteins [7] and its expression is controlled via multiple mechanisms. Enhanced MCL1 expression is reported in the pathogenesis of several cancers including multiple myeloma [8], melanoma [9], acute myeloid leukemia [10], breast cancer [11] and in the resistance to some cancer types and therapies [12–14]. Recent study by Cao et al., (2019) [15] showed that MCL1 up-regulation induces drug resistance in EFGR-mutant lung cancer. Targeting BH3 domain-binding groove of MCL1 with BH3 mimetics has proven beneficial in the therapeutic development of anti-cancer, but the success depends on the factors that direct Bcl-2 family interactions. 
MCL1 has a unique binding affinity profile, showing strong affinities for BAK, BIM, NOXA and PUMA, whereas BMF and BAD possess only weak affinity [16]. Anti-apoptotic function of MCL1 inhibits Bax function downstream of its initial activation and mitochondrial translocation [17]. Amino acid substitutions may disrupt ligand-binding sites that are important for protein function and may also lead to changes in the protein structure, folding, or stability [18]. Single-nucleotide polymorphisms (SNPs) are the most familiar type of genetic variations, of which nonsynonymous SNPs (nsSNPs) are mainly significant as they result in changes in the amino acid sequence and have been associated with many diseases [19]. Studies on Bax mutants reported varied conclusions. The double mutant L70A/D71A lacks the capability to bind Bcl-2, Bcl-xl or MCL1 [20]. Bax mutation beyond the BH3 domain disrupts their interaction with pro-survival proteins like MCL1 and promotes apoptosis [21]. However, no studies reported the effect of MCL1 mutation in Bax activity and this insists us to understand the effect of MCL1 mutation, particularly in the Bax binding domain. Here, we present an approach to examine the effect of mutation in MCL1-Bax interaction using molecular dynamics simulation. This showed a huge change in stability of the complex, with minimal flexibility changes. 

2. Materials and Methods
2.1 Retrieval of SNP dataset
The data of human MCL1 gene was collected from Online Mendelian Inheritance in Man (OMIM) and Entrez gene from NCBI. The SNP information of MCL1 gene is obtained from NCBI dbSNP database [22]. Protein sequence data of the target gene was collected from Uniprot protein sequence database [23] with accession number Q07820. Three-dimensional structure of the human MCL1 protein was obtained from PDB protein structure database [24] (PDB ID: 3PK1 [21]). The detailed workflow of the present work is given in figure 1.
[image: ]
Figure 1. Workflow of the proposed study.

2.2 Disease-associated SNP prediction
SIFT [24], Polyphen-2 [25], Provean, PredictSNP and SNPs & GO were used to detect and filter the deleterious SNPs from the large dataset. SIFT is a sequence homology-based tool that predicts variants as neutral or deleterious using normalized probability scores based on the assumption that important amino acids will be conserved in the protein family. Hence changes at well-conserved positions tend to be predicted as deleterious [26]. Variants with normalized probability scores below 0.05 are predicted to be deleterious and above 0.05 to be neutral [18]. Polyphen predicts the consequence of nsSNPs on the structure and function of a protein-based on sequence, phylogenetic and structural information. The output levels of probably damaging and possibly damaging were classified as deleterious (≤0.5) and the benign level as tolerated (≥0.5) [17]. PROVEAN clusters the protein sequences of BLAST hits more than 75% global sequence identity and the top clusters were selected forming a supporting sequence set and a delta alignment scoring system was used, where the scores of each supporting sequence were averaged within and across clusters to calculate the final PROVEAN score. A protein variant is said to be deleterious if the final score is below a certain threshold, by default -2.5 or neutral if the score is above the threshold [27].
2.3 Prediction of disorderness and posttranslational modification sites
Disorderness prediction was performed using PONDR [28]. The posttranslational modification (PTM) sites were predicted using ModPred server, which consists of a set of bootstrapped logistic regression models for each type of PTM sites verified experimentally, the literature and from the databases [29]. Only the medium and high confidence PTMs were taken into consideration in this study.
2.4 Molecular dynamics simulation
[bookmark: _Hlk79590269]The structure of MCL-1 BAX was retrieved from RCSB with the PDB ID: 3PK1, used as wild complex, residue valine in the 220 of MCL-1 is mutated to Phenylalanine in pymol [30] and used as mutated complex. The topology and coordinates of the systems for the MD simulations were prepared in the tLeap program of the Amber 20 package. The force field ff19SB [31] was used for amino acids and OPC for solvation waters. Cl− and Na+ counterions were added for charge stabilization. Each system was solvated with water in a 10.0 Å truncated octahedron. We used a 310 K temperature and pressure of 1.0 bar using a Langevin thermostat and Berendsen Barostat controllers. For hydrogen long-range interactions, the SHAKE algorithm and the particle mesh Ewald summation (PME) algorithm were used. For nonbonded interactions, a 10.0 Å cut-off was fixed and a two-step gentle minimization followed by heating and equilibration was performed. A 150 ns simulation was carried out with the NPT ensemble. The Cartesian coordinates were stored at every 10 ps, and 15000 frames were obtained from each simulation. 
2.5 Structural analysis
Structural analysis was performed by CPPTRAJ, PYTRAJ and MDTraj. Root mean square deviation (RMSD) and Root mean square fluctuations (RMSF) were calculated. The compactness of the protein is calculated by radius of gyration (RoG). The time-subordinate corresponded movement of C-alpha atom is calculated by Dynamic Cross-Correlation Map (DCCM). The surface area that is accessible to a solvent i.e., Solvent accessible surface area (SASA) is calculated by Shrake–Rupley algorithm for per residue.
2.6 Clustering
Clustering is performed in Pytraj by K-means algorithm [32]. To calculate the elbow value, average distance between members inside a cluster vs the number of clusters were plotted and the optimal number of clusters is where the graph flattens, the value is used in k-means clustering method to overcome its heuristic nature and the frames in each cluster are averaged out to PDB file format.
2.7 Network analysis 
To construct the RIN interactively in two-dimensional graphs, we used representative structures from the cluster with the highest number of members from each system. The structure of each protein was modeled as an undirected graph, where amino‐acid residues corresponded to nodes, and contacts between them were represented as edges. The contact criteria of nay residues i and j was set as the residues are in contact if at least one atom corresponding to residue i and any atom from residue j were closer than 5.0Å. This value approximates the upper limit for attractive London–van der Waals forces. An “edge,” which transfers allosteric information from one node to another, is defined as being present between any two nodes provided the absence of a covalent bond, and when the distance between two heavy atoms from the two nodes is less than 5Å. The strength of the edge between nodes i and j is defined as the absolute value of the inter-node correlation (Cij). The number of connected edges at each node is defined as the degree of the node. Correlation-weighted degree, which is the summation of strengths of all the edges connected to a given node, indicates the importance of the node. After construction of the network, cytoscape3.8.2 [33], RINalyzer, and NetworkAnalyzer were used to calculate the topological parameters of the network [34]. The shortest path between any two nodes in the network was identified using the Floyd-Warshall algorithm, and Girvan-Newman algorithm was employed to create the community-based network.
2.8 Free-energy calculations
2.8.1 Binding free energy calculation
The binding free energy calculation is a promising approach to estimate binding affinities between the target proteins in explicit solvent [35]. In the study Molecular Mechanics-combined with Poisson–Boltzmann surface area (MMPBSA) method was used to evaluate binding free energies of two simulated systems using the following equation:

2.8.2 Unsupervised clustering of MD trajectories and Gibbs free energy calculation
 Motion in the trajectories from both wild and mutant systems were calculated by using an unsupervised machine-learning technique known as Principle component analysis (PCA) [36]. For this purpose, a CPPTRAJ package in Amber was used. The reference structure was subjected to translational as well as rotational motions. The positional covariance matrix for atomic coordinates, as well as its eigenvectors, were calculated. The diagonal matrix of eigenvalues was obtained by diagonalizing the matrix with the help of orthogonal coordinate transformation. The eigenvector and its eigenvalue suggested the principal component of the trajectory and highlighted the principal dominant global motion of the structures. The free energy landscape (FEL) was calculated by using the first two PCs (PCI and PC2). Deep valleys plot was used to draw and understand the native and metastable states of each system [37]. In this study, FEL was calculated using the following equation based on the first two principal components.

where X suggests the response organizes taken by the primary the two principal components, KB implies the Boltzmann steady and P(X) is the dispersion of the framework's likelihood on the first two principal components.

3. Results and discussion
3.1. SNP prediction
The dbSNP database reported a total of 2406 SNPs for the gene MCL1, out of which 451 are non-synonymous, 150 synonymous and 264 in the non-coding region. A vast majority of the SNPs occur in the intronic region and we have selected only the non-synonymous variants for further analysis. SIFT, Polyphen-2, PredictSNP, SNPs & GO and Provean predicted 166, 130, 96, 71 and 39 variants respectively to be deleterious. Among the 130 variants predicted by Polyphen-2, 75 are found to be probably damaging and 55 to be possibly damaging. By discarding those variants below a certain cutoff (<0.5), SIFT and Polyphen-2 showed a total of 59 and 94 variants to be deleterious. PON-P predicted 1658 variants to be neutral and only a few mutations to be pathogenic, whereas remaining 153 variants were found to be unknown. By comparing the results of all the algorithms, six nsSNPs namely D313G, D313Y, G257D, G257R, V220F and I168T were found to be highly deleterious and of the six mutations, two were in the BH2 domain (D313G, D313Y), two in the BH1 domain (G257D, G257R), one each in the BH3 domain (V220F) and PEST-like region (I168T). We concentrated on V220F mutation in this study as it occurs on the BH3 domain, the site of Bax binding.
3.2. MCL1-BaxX interaction
The Bax BH3 domain holds 12 residues portrayed by the four conserved hydrophobic residues. The MCL1-Bax complex and the highlighted hydrophobic core is depicted in Figure 2. The residues Leu59, Leu63, Ile66 and Leu70 of Bax form the four canonical hydrophobic pockets within the peptide-binding groove of MCL1; Met74 acts as the fifth hydrophobic residue along the BH3 peptide [21].  Bax Asp68 formed two hydrogen bonds with the MCL1 residues Asn260 and Asp263. Val220 showed hydrophobic interaction with Bax Leu70. 
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Figure 2. Structure of MCL1-Bax complex. The figure shows the interaction of MCL1 with Bax; Color representation in the whole complex is given as BH1-blue, BH2-cyan, BH3- Red and green shows the other regions of MCL1, V220 - yellow; and Bax- golden color. The zoomed area showed the hydrophobic core of the interaction. Bax is depicted as helix and Asp68 showed two hydrogen bonds with the residues Asn260 and Arg263 of MCL1. Bax residues occupying the hydrophobic core colored cyan and labeled.

3.3. Molecular dynamics simulation
The structure of protein complex provides information on the relative organization of the proteins, rather lacks information on their affinity or the time-dependent process of association or dissociation of the complex. Protein function and protein-protein interactions are determined by their dynamics as well as by their stability [38]. To investigate the effect of MCL1 mutation on their interaction with Bax in an aqueous dynamic environment, molecular dynamics simulation was performed for 150 ns. 
3.3.1. V220F mutation showed change in stability and flexibility with Bax binding
[bookmark: _Hlk89196431]To check the structural stability and flexibility of the complexes throughout the simulation, we have performed RMSD and RMSF calculations respectively for the protein backbone atoms. Time series of the backbone RMSD values were inspected in reference to the initial structures to assess whether mutation affects conformation stability of MCL1 and/or causes change in binding of MCL1 with Bax by checking the atomic movements of MCL1-Bax and ΔMCL1-Bax complexes. Conformational changes were observed in native and mutant MCL1 on interaction with Bax. Surprisingly, the native MCL1-BAX complex showed high structural deviation ranging from 1.8-5Å, thus suggesting its unstable nature. The average RMSD of the native and the mutant complexes were found to be 2.91Å and 1.77Å respectively. The RMSD curve indicate that all the complexes were evolving until ~10ns and the complex ΔMCL1-Bax remained stable within an average RMSD of ~2Å (figure 3A), suggesting increased structural stability of the mutated complex. It is found that after 50 ns, Bax is about to detach from MCL1 due to the change in conformation. RMSD plot of free MCL1 and ΔMCL1 also showed minor decrease in RMSD of ΔMCL1 as shown in supplementary figure S1, suggesting the stability of mutated MCL1 than native structure. Further to gain insights into the amino acid fluctuations, RMSF for the Cα atoms of each of the proteins were calculated. The RMSF curves are displayed in Figure 4A, which showed significant difference in fluctuations between the bound complexes of wild and mutant MCL1 with Bax, with the RMSF value reaches as much as 8Å for ΔMCL1-Bax complex. RMSF analysis showed high residual fluctuations in Met78, Asp195, Met199, Arg201, Val321 of MCL1 and Arg77, Met78, Lys194, Arg201, Arg222 and Met240 of ΔMCL1. Mutation in MCL1 showed slight variation in residues near the mutated residue. Further it was observed that the fluctuation in C-terminal region of Baxa is higher in native complex showing the highest RMSF of 8.8Å, whereas N-terminal region of Bax showed fluctuation in mutated complex (Figure 4A). 
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Figure 3. Stability changes in wild and mutated MCL1 upon Bax binding. a) RMSD plot (Black-MCL1, green – mutated MCL1, Red- Bax in wild complex, blue - Bax in mutated complex). b) Radius of gyration plot. (Black- wild MCL1-Bax complex, Red mutated MCL1 Bax complex).

As compactness of the protein structure is connected with stability [39], we have calculated the compactness of the native and mutant complexes, denoted by Rg. The Rg values of both native and mutant complexes are shown in Figure 3B.  It showed only minimal variation in mutated and native complex, which ranges from 15.7Å to 16.1Å. A slight increase in Rg value of Bax was observed after 100 ns. However, the mutated complex showed minor changes in Rg value throughout the simulation. 
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Figure 4. a) Residual fluctuations b) Graphical representation of SASA.

Further the hydrophobic core region of the native and mutant complexes was examined by calculating the change in solvent accessible surface area (SASA), which showed minimal variation among the complexes, showing average SASA value of 5.62Å for the native complex and 5.37Å for the mutant complex. Residue wise SASA also showed only limited variation in both the complexes (Figure 4B). A region between the PEST-like domain and the BH3 domain showed an increase in SASA with a maximum range of 0.59 nm2 in native complex. Hydrogen bond analysis is important to know more about the stability and flexibility of the complex. Total number of hydrogen bonds in both the complexes was calculated during simulation and an increased hbonds were observed in mutated complex compared to wild one.
3.3.1.1 Change in disorderness due to mutation
Bcl2 family are either intrinsically disordered or possess disordered regions or domains important for their function [40]. Hence in order to check whether disorderness contributes to stability of mutated complex disorderness prediction was performed. It was observed that the mutated (V220F) structure is slightly ordered than the native one with an overall disordered range of 60.08% and 62% respectively for mutated and native structure and is shown in Figure 5. Moreover no change was observed in the phosphorylation sites.
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Figure 5. Structure disorderness of MCL1. The disordered residues fall above the black horizontal line and the ordered one below. Blue and red dotted lines represent native and mutated MCL1 respectively. Negligible change in orderness is observed at the mutated site.

We assume that the negligible decrease in disorderness of the mutated protein might play a minor contribution in stability. Also, hydrophobic interactions play a prominant role in stabilizing proteins. Based on the approach by Black and Mould, (1991), phenylalanine is the most hydrophobic amino acid and hence this replacement stabilizes the structure [41]. In contrast the hydropathy scale by Kyte and Doolittle (1982) found valine to be more hydrophobic than phenylalanine [42]. Even though V220F mutation had no major impact on Bax binding, an increase and decrease in RMSD was observed in MCL1 and Bax respectively in mutated complex. This suggests that V220F MCL1 mutation causes conformational change in Bax, thereby stabilizing the complex to some extent than the wild complex.  This is evident that as both the residues are hydrophobic, this mutation does not cause any major change in the hydrophobic groove of MCL1, rather inducing change in Bax conformation. Moreover, it was observed that this mutation has no major impact on Bax binding as the same interaction is retained by the replaced amino acid phenylalanine due to its hydrophobic nature. Highest residual fluctuation at the C-terminal end is due to their exposure on the surface with greater motility. However, the residues involved in Bax binding were relatively stable.
3.3.2. Secondary structure profile analysis of native and mutated complexes
Secondary structural features play an essential role in studying the structural behavior of the protein. Changes in secondary structure of the native and mutated complexes were analyzed and shown in Figure 6. This showed minor changes in the secondary structure content and α-helix is found to be dominated in both native and mutant structures and their complexes. Moreover, 310 to α-helix transition is observed in mutated MCL1 and detailed investigation of various BH3 regions found change in folding, with a shift in loop region to helix shared by the residues Asp218 and Gly219 in the mutated complex, suggests that mutation affects the secondary structural feature of the nearby residues which is further conformed in section 3.7. Overall, this analysis showed an increase in α-helix in the mutated structures.
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Figure 6. Conformational secondary structural changes during the course of 150 ns MD simulation in (A) wild and (B) Mutated MCL1. 

3.4. Determination of binding affinity
In order to evaluate various contributions to the binding free energy during native and mutant MCL1 on BAX binding, molecular mechanics combined with Poisson−Boltzmann and surface area (MM/PBSA) calculations were performed from the MD trajectories without taking into account of energy contributions due to configurational entropy. Both the wild and mutant complexes showed negative binding energy values (Table 1). Even though, binding energy showed no major difference in wild and mutated complex, it is little less in mutated complex, which is consistent by both MM-PBSA and MM-GBSA methods. This shows the increased affinity of Bax to mutated MCL1, favoring cancer cell survival. 

Table 1. Binding free energies of the wild and mutated complexes by MM-PBSA and MM-GBSA methods.
	Energy contribution
	Value (Kcal mol-1)

	
	MCL1-Bax
	ΔMCL1-BAX

	ΔGvdw
	-107.39
	-99.01

	ΔGES
	-245.80
	-226.93

	ΔGpolar
	-79.75
	-73.61

	ΔGbind
	-12.43
	-13.68
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Figure 7. Per-residue energy decomposition A) wild and B) mutated complex.

Further, to assess the energy contribution of each amino acids involved in Bax binding per residue decomposition analysis was performed and shown in Figure. 7.
3.5. Reduced scatteredness associated with mutation
As molecular dynamics simulation generates huge amount of data on atomic motions of the protein at different time points generating multiple MD snapshots, clustering techniques are essential to classify these MD snaps to attain biological insights. To understand the conformational preferences of the complexes better, the energy and structural information of the complexes were analyzed using different clustering approaches like PCA and K-means clustering algorithms. Proteins usually perform specific functions based on their collective atomic motion, which can be employed as a parameter to assess protein stability. The exploratory PCA plot showed the similarity and dissimilarity between the wild and mutant MCL1 with Bax (Figure 8). It is observed that the wild complex is more scattered than the mutant one. This also confirmed the stability of the mutated complex as found by RMSD and Rg calculations.
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Figure 8. PCA of wild (A) and mutant (B) complexes. WT is scattered around a large area, showing a dispersed motion on the first two principal components PC1 and PC2.

3.6. Increase in correlated movements in BH3 domain induced stability
Biological functions of proteins are correlated with their collective atomic movements and therefore changes in such movements can affect the functionality of the protein [43]. These collective motions extracted by PCA allowed to study the global movements of MCL1 and Bax in both wild and mutated complexes. The magnitude of rotation was higher in mutated complex, inspite of similar rotational movements. Inorder to further investigate the effect of magnitude of the collective atomic movements of the BH3 domain, we performed cross correlation analysis. This showed correlated and the anti-correlated movements of the C-terminal regions of native and mutated complex, whereas in Bax binding region showed correlated movements in wild complex (Figure. 9A). However, the Overall correlation pattern showed an increase in anti-correlated movements in mutated complex (Figure. 9B). The region 209-223 corresponds to BH3 domain of MCL1, whereas the same domain occupies the residues 59-73 in Bax. An increase in anti-correlated movement was observed in the mutated BH3 binding domain compared to native one, which might be associated to its stable binding of Bax in the mutated complex. This change may influence hydrogen bond formation between the residues in the BH3 domain, because of the increase in distance and changes in angles formed between the residues. It was also noticed that V220F mutation affects the correlation of collective atomic movements between MCL1 and also the internal collective movements of Bax.
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Figure 9. Dynamic cross-correlation matrix A) wild and B) mutant complexes. Values ranges from -1 (complete anti-correlation) to +1 (complete correlation). BH3 domain is shown in boxes.

3.7. Free energy profiles revealed peptide binding mechanism 
Understanding protein-protein complexes requires information on nature of total free energy landscapes of the complex system. In order to investigate the free energies associated with the complexes, we performed free energy landscape based on Gibbs free energy, based on the association and dissociation rate. The free energy profiles were calculated from the simulations using the backbone RMSDs. 2D plot showed that the mutated complex is more stable than the wild one. It was observed from the 3D plot that the mutated complex has local energy minima over larger free energy space (green color) with deep basins indicating that the complex has minimum energy structure during simulation. However, the mutant complex shows less free energy space. 
Superimposition of the native and wild structures of the clusters showed difference in folding pattern of the region Gly192 to Ser202 and only few minor changes were observed in other regions. It was found that the mutated structure started to form an additional helix at the regions occupying the residues Thr196 to Gly200 (Figure 10). Moreover, the helix was extended to two more residues (Asp218 to Gly219) near the mutated residue in the Bax bound complex of mutated protein, whereas the native complex retains the loop. The gibbs free energy landscapes calculated from the first two principal components of PCA showed the difference in conformational states of the wild and mutant complexes, providing more insights on the mechanism of Bax binding with the wild and mutant MCL1. The additional helix formed by the mutated protein and its extension in the mutated complex might confers to the stability of the mutated complex.
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Figure 10. Free energy landscape of A) MCL1-Bax and B) ΔMCL1-Bax complexes on principal components 1 and 2 in 2D and 3D representations. The energy scale shows the stable to least stable structures ranging from 0 kcal/mol to 3 kcal/mol.

3.8. Residue Network construction and analysis
The MD snapshots of the complex were clustered further based on the backbone RMSD with reference to the experimental structures. Cluster determination using Elbow method found four clusters for MCL1-Bax and five clusters for ΔMCL1-Bax. Studies showed that centrality measures of residues in RIN network play a significant role in overall stability [44–46], conformation [47] and protein interactions [47]. Hence in order to gain more insights on the influence of each residue, residue networks were constructed for the clusters obtained from previous step. This found four clusters with the nodes, edge combination of (180, 1346), (180, 1378), (180, 1381) and (180, 1349) for MCL1-Bax complex and 5 clusters having (180, 1411), (180, 1415), (180, 1357), (180, 1406), (180, 1339) nodes and edges for ΔMCL1-Bax complex. The centrality measures that comprise shortest path distance calculations namely closeness, betweenness, degree was calculated. The nodes Ile181, Tyr185, Leu186, Glu188, Gln221, Phe228, Leu246, Val265, Leu267, Phe270, Ile294 of MCL1 and Leu70 and Met74 of Bax showed high betweenness, suggesting their importance in controlling the network. The Highly connected residues include Ile181, Tyr185, Leu186, Glu188, Leu213, Asp218, Gln221, Phe228, Met231, Leu267, Ala272 and Gly67 (Bax). Overall, the residue centrality analysis found the residues Ile181, Arg184, Tyr185, Glu188, Gln221, Val265, Leu267 of MCL1 and Met74, Met78 residues of Bax as the central residues (Z-score ≥ 2). Glu221 of MCL1 and Met78 of Bax showed a high Z-score. The backbone dynamics were predicted and this showed little flexibility of residues 217-221 in the BH3 domain. 
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Figure 11. Top clusters showing MCL1-Bax interaction. The figure shows the clusters of residue-wise interaction involving the A) wild (V220) and B) mutant (F220) residue respectively with Bax. Red in nodes indicates helix and gray indicates loop. and as far as in edges black - backbone main chain to main; blue - contact, main chain to main chain; light blue - contact, main chain to other; Dar red and Red - hydrogen bond; Purple and Brown in edges indicates MCL1 and Bax.

3.8.1. Influence of V220F mutation in MCL1-Bax interaction
Further, the intra and inter protein interactions of Val220 in both the wild and mutated complexes were extracted and this shows its direct interaction with Leu70 of Bax, which was also shared by Val216 in two clusters in wild complex. Asp68 of Bax forms three hydrogen bonds occupying the MCL1 residues Arg263 and Asn260, which is consistent in all the clusters of both the wild and mutated complexes. An additional hydrogen bond was found in cluster 5 of the mutated complex by Bax Lys64. The hydrophobic interaction shared by V220 with Bax Leu70 was retained in mutated complex, because of the hydrophobic phenylalanine residue. But Leu70 lost a hydrophobic interaction in mutated complex which was shared by Val265 in the wild complex. We also observed that V220F had no major influence on Bax interaction, as the interactive residue (Leu70) is retained by the complex (Figure 11), rather changes were observed in other residues. His224 also showed interaction with Leu70 of Bax in a cluster, showing the influence of mutation in nearby residues. Despite of any major conformational changes as found by the previous analyses; residue-wise interaction network showed a drastic change (cluster1) in secondary structural features. From cluster 1, it was observed that mutation affects structuring of the helix occupied by the residues Gly219-His224. Detailed investigation of the cluster found loss of an inter hydrogen bond shared by the Asp68 of Bax with ΔMCL1.
The mutated complex showed a greater number of hydrogen bonds than the native complex. The non-covalent interactions namely the hydrophobic, electrostatic and van der Waals interactions also play a major role in protein-protein interactions. The generated protein-protein interaction clusters aids in investigating the role of individual residues in binding. The residues Leu59, Leu63, Ile66 and Leu70 of Bax projects into the hydrophobic core of MCL1 [21], is also observed in the mutated complex. The secondary structure occupying the region is helical in both complexes and a loop shift to helix near the mutated region was observed in ΔMCL1, i.e the region of Bax binding.  Some other regions also showed loop to helix transition. 
Overall, the current study showed a minor change in the hydrophobic groove of MCL1 due to mutation, whereas the additional helix formed prior to the BH3 domain increases stability of the mutated structure. This induced conformational change in Bax upon binding and favors extension of the helix, thereby increasing the affinity of Bax towards ΔMCL1 and further stabilization of the complex. In other words, the point mutation V220F in the hydrophobic core of MCL1, causes change in folding pattern in the form of additional helix formation, which induced conformational change in Bax favouring enhanced affinity and complex stability. Moreover, the decrease in disorderness may also be a reason for stability. Minor changes in involvement of individual residues were also observed upon binding.
In cell homeostasis, the intrinsic apoptotic pathway of caspase activation is initiated by events such as DNA damage, growth factor withdrawal, or loss of contact with the extracellular matrix. Cell death evasion represents a cancer hallmark and it is therefore not surprising that several BCL-2 family members play a key role in tumor formation and survival [48]. However, the molecular mechanism of Bax and Bak function has remained a crucial question in the field. Under apoptotic conditions, Bax and Bak are activated and gathered at the MOM, where they oligomerize and mediate MOMP, which leads to the release of proapoptotic factors, such as cytochrome c [49,50]. Here, the mutation in V220F of MCL1 stabilize the interaction of MCL1-Bax could fix the Bax complexed with MCL1 which inhibit the activation of Bax and thereby inhibits apoptosis and leads to tumor cell survival.

Conclusion
The incorporation of computational algorithms and MD simulation studies facilitated the effect of the mutant on MCL1 contributing to the diseased state of cancer. Residues in the BH3 region of pro-apoptotic proteins like Bax bind to hydrophobic cleft of MCL1, thereby modulating the apoptotic pathways. Here we have investigated the effect of V220F MCL1 mutation upon Bax binding through MD simulations gave a molecular basis of the changes induced by the mutation. Even though V220F mutation does not cause drastic functional change, due to the replacement by another hydrophobic residue, it showed increase in stability. The increase in stability of the mutated complex might be due to the change in disorderness of the protein and the additional helix formed near the BH3 domain. Thus, we hypothesize that, the point mutation involving a hydrophobic residue to another hydrophobic residue, still causes a change in structural features of the hydrophobic core of MCL1, causing changes in Bax interaction. Moreover, the decrease in binding free energy of the mutated complex, showed its increased affinity to bind with MCL1 than the wild complex, favoring survival of cancer cell. To conclude, the study provided a deeper understanding of the conformational dynamics of MCL1-Bax interaction which gives valuable insights for future investigations and experimental evaluations for designing anti-cancer drugs.
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RMSD Plot Stability changes in wild and mutated MCL1 (Black-MCL1, green – mutated MCL1).

Author Contributions
DS and BM designed the work. AMI interpreted and reviewed the work. SGPV supervised the work. All people polished the final version.

Acknowledgements
The support of the Department of Science and Technology - Fund for Improvement of S&T Infrastructure (DST-FIST), Govt. of India [F.No. SR/FST/LSI-559/2013] to Centre for Marine Science and Technology is gratefully acknowledged.  

Data and Software Availablity
The data that support the findings of this study are available from the corresponding author, Samuel Gnana Prakash Vincent, upon request.

Reference
[1]	R. Singh, A. Letai, K. Sarosiek, Regulation of apoptosis in health and disease: the balancing act of BCL-2 family proteins, Nature Reviews. Molecular Cell Biology. 20 (2019) 175. https://doi.org/10.1038/S41580-018-0089-8.
[2]	J. Kale, E.J. Osterlund, D.W. Andrews, BCL-2 family proteins: changing partners in the dance towards death, Cell Death & Differentiation 2018 25:1. 25 (2017) 65–80. https://doi.org/10.1038/cdd.2017.186.
[3]	B. Leber, J. Lin, · David, W. Andrews, B. Leber, J. Lin, D.W. Andrews, Embedded together: The life and death consequences of interaction of the Bcl-2 family with membranes, Apoptosis 2007 12:5. 12 (2007) 897–911. https://doi.org/10.1007/S10495-007-0746-4.
[4]	V. Labi, M. Erlacher, S. Kiessling, A. Villunger, BH3-only proteins in cell death initiation, malignant disease and anticancer therapy, Cell Death & Differentiation 2006 13:8. 13 (2006) 1325–1338. https://doi.org/10.1038/sj.cdd.4401940.
[5]	N.N. Danial, S.J. Korsmeyer, Cell Death: Critical Control Points, Cell. 116 (2004) 205–219. https://doi.org/10.1016/S0092-8674(04)00046-7.
[6]	M.C. Wei, W.X. Zong, E.H.Y. Cheng, T. Lindsten, V. Panoutsakopoulou, A.J. Ross, K.A. Roth, G.R. Macgregor, C.B. Thompson, S.J. Korsmeyer, Proapoptotic BAX and BAK: A Requisite Gateway to Mitochondrial Dysfunction and Death, Science. 292 (2001) 727–730. https://doi.org/10.1126/SCIENCE.1059108.
[7]	S. Derenne, B. Monia, N.M. Dean, J.K. Taylor, M.J. Rapp, J.L. Harousseau, R. Bataille, M. Amiot, Antisense strategy shows that Mcl-1 rather than Bcl-2 or Bcl-xL is an essential survival protein of human myeloma cells, Blood. 100 (2002) 194–199. https://doi.org/10.1182/BLOOD.V100.1.194.
[8]	D. Zhang, F. Li, D. Weidner, Z.H. Mnjoyan, K. Fujise, Physical and Functional Interaction between Myeloid Cell Leukemia 1 Protein (MCL1) and Fortilin: THE POTENTIAL ROLE OF MCL1 AS A FORTILIN CHAPERONE *, Journal of Biological Chemistry. 277 (2002) 37430–37438. https://doi.org/10.1074/JBC.M207413200.
[9]	K. Boisvert-Adamo, W. Longmate, E. v. Abel, A.E. Aplin, Mcl-1 Is Required for Melanoma Cell Resistance to Anoikis, Molecular Cancer Research. 7 (2009) 549–556. https://doi.org/10.1158/1541-7786.MCR-08-0358.
[10]	M. Konopleva, R. Contractor, T. Tsao, I. Samudio, P.P. Ruvolo, S. Kitada, X. Deng, D. Zhai, Y.X. Shi, T. Sneed, M. Verhaegen, M. Soengas, V.R. Ruvolo, T. McQueen, W.D. Schober, J.C. Watt, T. Jiffar, X. Ling, F.C. Marini, D. Harris, M. Dietrich, Z. Estrov, J. McCubrey, W.S. May, J.C. Reed, M. Andreeff, Mechanisms of apoptosis sensitivity and resistance to the BH3 mimetic ABT-737 in acute myeloid leukemia, Cancer Cell. 10 (2006) 375–388. https://doi.org/10.1016/J.CCR.2006.10.006.
[11]	Q. Ding, X. He, W. Xia, J.M. Hsu, C. te Chen, L.Y. Li, D.F. Lee, J.Y. Yang, X. Xie, J.C. Liu, M.C. Hung, Myeloid Cell Leukemia-1 Inversely Correlates with Glycogen Synthase Kinase-3β Activity and Associates with Poor Prognosis in Human Breast Cancer, Cancer Research. 67 (2007) 4564–4571. https://doi.org/10.1158/0008-5472.CAN-06-1788.
[12]	L. Paoluzzi, M. Gonen, J.R. Gardner, J. Mastrella, D. Yang, J. Holmlund, M. Sorensen, L. Leopold, K. Manova, G. Marcucci, M.L. Heaney, O.A. O’Connor, Targeting Bcl-2 family members with the BH3 mimetic AT-101 markedly enhances the therapeutic effects of chemotherapeutic agents in in vitro and in vivo models of B-cell lymphoma, Blood. 111 (2008) 5350–5358. https://doi.org/10.1182/BLOOD-2007-12-129833.
[13]	S.R.A. Hussain, C.M. Cheney, A.J. Johnson, T.S. Lin, M.R. Grever, M.A. Caligiuri, D.M. Lucas, J.C. Byrd, Mcl-1 Is a Relevant Therapeutic Target in Acute and Chronic Lymphoid Malignancies: Down-Regulation Enhances Rituximab-Mediated Apoptosis and Complement-Dependent Cytotoxicity, Clinical Cancer Research. 13 (2007) 2144–2150. https://doi.org/10.1158/1078-0432.CCR-06-2294.
[14]	D.M. Nguyen, M. Hussain, The role of the mitochondria in mediating cytotoxicity of anti-cancer therapies, Journal of Bioenergetics and Biomembranes 2007 39:1. 39 (2007) 13–21. https://doi.org/10.1007/S10863-006-9055-9.
[15]	F. Cao, Y. bin Gong, X.H. Kang, Z.H. Lu, Y. Wang, K.L. Zhao, Z.H. Miao, M.J. Liao, Z.Y. Xu, Degradation of MCL-1 by bufalin reverses acquired resistance to osimertinib in EGFR-mutant lung cancer, Toxicology and Applied Pharmacology. 379 (2019) 114662. https://doi.org/10.1016/J.TAAP.2019.114662.
[16]	A. Bolomsky, M. Vogler, M.C. Köse, C.A. Heckman, G. Ehx, H. Ludwig, J. Caers, MCL-1 inhibitors, fast-lane development of a new class of anti-cancer agents, Journal of Hematology & Oncology 2020 13:1. 13 (2020) 1–19. https://doi.org/10.1186/S13045-020-01007-9.
[17]	M. Germain, V. Duronio, The N Terminus of the Anti-apoptotic BCL-2 Homologue MCL-1 Regulates Its Localization and Function *, Journal of Biological Chemistry. 282 (2007) 32233–32242. https://doi.org/10.1074/JBC.M706408200.
[18]	C.G.P. Doss, N. NagaSundaram, Investigating the Structural Impacts of I64T and P311S Mutations in APE1-DNA Complex: A Molecular Dynamics Approach, PLOS ONE. 7 (2012) e31677. https://doi.org/10.1371/JOURNAL.PONE.0031677.
[19]	A.A. Alshatwi, T.N. Hasan, N.A. Syed, G. Shafi, B.L. Grace, Identification of Functional SNPs in BARD1 Gene and In Silico Analysis of Damaging SNPs: Based on Data Procured from dbSNP Database, PLOS ONE. 7 (2012) e43939. https://doi.org/10.1371/JOURNAL.PONE.0043939.
[20]	H. Kim, M. Rafiuddin-Shah, H.C. Tu, J.R. Jeffers, G.P. Zambetti, J.J.D. Hsieh, E.H.Y. Cheng, Hierarchical regulation of mitochondrion-dependent apoptosis by BCL-2 subfamilies, Nature Cell Biology 2006 8:12. 8 (2006) 1348–1358. https://doi.org/10.1038/ncb1499.
[21]	P.E. Czabotar, E.F. Lee, G. v. Thompson, A.Z. Wardak, W.D. Fairlie, P.M. Colman, Mutation to bax beyond the BH3 domain disrupts interactions with pro-survival proteins and promotes apoptosis, Journal of Biological Chemistry. 286 (2011) 7123–7131. https://doi.org/10.1074/JBC.M110.161281/ATTACHMENT/675B081C-F3BE-4D3A-BDE9-C5BDFFF8D66F/MMC1.PDF.
[22]	S.T. Sherry, M.H. Ward, M. Kholodov, J. Baker, L. Phan, E.M. Smigielski, K. Sirotkin, dbSNP: the NCBI database of genetic variation, Nucleic Acids Research. 29 (2001) 308–311. https://doi.org/10.1093/NAR/29.1.308.
[23]	C.H. Wu, R. Apweiler, A. Bairoch, D.A. Natale, W.C. Barker, B. Boeckmann, S. Ferro, E. Gasteiger, H. Huang, R. Lopez, M. Magrane, M.J. Martin, R. Mazumder, C. O’Donovan, N. Redaschi, B. Suzek, The Universal Protein Resource (UniProt): an expanding universe of protein information, Nucleic Acids Research. 34 (2006) D187–D191. https://doi.org/10.1093/NAR/GKJ161.
[24]	N. Deshpande, K.J. Addess, W.F. Bluhm, J.C. Merino-Ott, W. Townsend-Merino, Q. Zhang, C. Knezevich, L. Xie, L. Chen, Z. Feng, R.K. Green, J.L. Flippen-Anderson, J. Westbrook, H.M. Berman, P.E. Bourne, The RCSB Protein Data Bank: a redesigned query system and relational database based on the mmCIF schema, Nucleic Acids Research. 33 (2005) D233–D237. https://doi.org/10.1093/NAR/GKI057.
[25]	I. Adzhubei, D.M. Jordan, S.R. Sunyaev, Predicting Functional Effect of Human Missense Mutations Using PolyPhen-2, Current Protocols in Human Genetics. 76 (2013) 7.20.1-7.20.41. https://doi.org/10.1002/0471142905.HG0720S76.
[26]	R. Rajasekaran, C. Sudandiradoss, C.G.P. Doss, R. Sethumadhavan, Identification and in silico analysis of functional SNPs of the BRCA1 gene, Genomics. 90 (2007) 447–452. https://doi.org/10.1016/J.YGENO.2007.07.004.
[27]	Y. Choi, G.E. Sims, S. Murphy, J.R. Miller, A.P. Chan, Predicting the Functional Effect of Amino Acid Substitutions and Indels, PLOS ONE. 7 (2012) e46688. https://doi.org/10.1371/JOURNAL.PONE.0046688.
[28]	K. Peng, P. Radivojac, S. Vucetic, A.K. Dunker, Z. Obradovic, Length-dependent prediction of protein intrinsic disorder, BMC Bioinformatics. 7 (2006) 208. https://doi.org/10.1186/1471-2105-7-208.
[29]	V. Pejaver, W.L. Hsu, F. Xin, A.K. Dunker, V.N. Uversky, P. Radivojac, The structural and functional signatures of proteins that undergo multiple events of post-translational modification, Protein Science. 23 (2014) 1077–1093. https://doi.org/10.1002/PRO.2494.
[30]	The PyMOL Molecular Graphics System, (n.d.).
[31]	C. Tian, K. Kasavajhala, K.A.A. Belfon, L. Raguette, H. Huang, A.N. Migues, J. Bickel, Y. Wang, J. Pincay, Q. Wu, C. Simmerling, Ff19SB: Amino-Acid-Specific Protein Backbone Parameters Trained against Quantum Mechanics Energy Surfaces in Solution, Journal of Chemical Theory and Computation. 16 (2020) 528–552. https://doi.org/10.1021/ACS.JCTC.9B00591/SUPPL_FILE/CT9B00591_SI_002.ZIP.
[32]	D.R. Roe, T.E. Cheatham, PTRAJ and CPPTRAJ: Software for processing and analysis of molecular dynamics trajectory data, Journal of Chemical Theory and Computation. 9 (2013) 3084–3095. https://doi.org/10.1021/CT400341P/SUPPL_FILE/CT400341P_SI_001.PDF.
[33]	P. Shannon, A. Markiel, O. Ozier, N.S. Baliga, J.T. Wang, D. Ramage, N. Amin, B. Schwikowski, T. Ideker, Cytoscape: A Software Environment for Integrated Models of Biomolecular Interaction Networks, Genome Research. 13 (2003) 2498–2504. https://doi.org/10.1101/GR.1239303.
[34]	N.T. Doncheva, K. Klein, F.S. Domingues, M. Albrecht, Analyzing and visualizing residue networks of protein structures, Trends in Biochemical Sciences. 36 (2011) 179–182. https://doi.org/10.1016/J.TIBS.2011.01.002.
[35]	S. Genheden, U. Ryde, The MM/PBSA and MM/GBSA methods to estimate ligand-binding affinities, Http://Dx.Doi.Org/10.1517/17460441.2015.1032936. 10 (2015) 449–461. https://doi.org/10.1517/17460441.2015.1032936.
[36]	K.P. F.R.S., LIII. On lines and planes of closest fit to systems of points in space, Https://Doi.Org/10.1080/14786440109462720. 2 (2010) 559–572. https://doi.org/10.1080/14786440109462720.
[37]	T.X. Hoang, A. Trovato, F. Seno, J.R. Banavar, A. Maritan, Geometry and symmetry presculpt the free-energy landscape of proteins, Proceedings of the National Academy of Sciences. 101 (2004) 7960–7964. https://doi.org/10.1073/PNAS.0402525101.
[38]	G.G. Hammes, Multiple Conformational Changes in Enzyme Catalysis, Biochemistry. 41 (2002) 8221–8228. https://doi.org/10.1021/bi0260839.
[39]	M.Y. Lobanov, N.S. Bogatyreva, O. v. Galzitskaya, Radius of gyration as an indicator of protein structure compactness, Molecular Biology 2008 42:4. 42 (2008) 623–628. https://doi.org/10.1134/S0026893308040195.
[40]	G.J.P. Rautureau, C.L. Day, M.G. Hinds, Intrinsically Disordered Proteins in Bcl-2 Regulated Apoptosis, International Journal of Molecular Sciences 2010, Vol. 11, Pages 1808-1824. 11 (2010) 1808–1824. https://doi.org/10.3390/IJMS11041808.
[41]	S.D. Black, D.R. Mould, Development of hydrophobicity parameters to analyze proteins which bear post- or cotranslational modifications, Analytical Biochemistry. 193 (1991) 72–82. https://doi.org/10.1016/0003-2697(91)90045-U.
[42]	J. Kyte, R.F. Doolittle, A simple method for displaying the hydropathic character of a protein, Journal of Molecular Biology. 157 (1982) 105–132. https://doi.org/10.1016/0022-2836(82)90515-0.
[43]	R. Cossio-Pérez, J. Palma, G. Pierdominici-Sottile, Consistent Principal Component Modes from Molecular Dynamics Simulations of Proteins, Journal of Chemical Information and Modeling. 57 (2017) 826–834. https://doi.org/10.1021/ACS.JCIM.6B00646/SUPPL_FILE/CI6B00646_SI_001.PDF.
[44]	W. Yan, J. Zhou, M. Sun, J. Chen, G. Hu, B. Shen, The construction of an amino acid network for understanding protein structure and function, Amino Acids. 46 (2014) 1419–1439. https://doi.org/10.1007/s00726-014-1710-6.
[45]	L. Gerasimavicius, X. Liu, J.A. Marsh, Identification of pathogenic missense mutations using protein stability predictors, Scientific Reports 2020 10:1. 10 (2020) 1–10. https://doi.org/10.1038/s41598-020-72404-w.
[46]	A. Nisthal, C.Y. Wang, M.L. Ary, S.L. Mayo, Protein stability engineering insights revealed by domain-wide comprehensive mutagenesis, Proceedings of the National Academy of Sciences. 116 (2019) 16367–16377. https://doi.org/10.1073/pnas.1903888116.
[47]	N. v. Dokholyan, L. Li, F. Ding, E.I. Shakhnovich, Topological determinants of protein folding, Proceedings of the National Academy of Sciences. 99 (2002) 8637–8641. https://doi.org/10.1073/PNAS.122076099.
[48]	D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell. 144 (2011) 646–674. https://doi.org/10.1016/J.CELL.2011.02.013.
[49]	J.F. Lovell, L.P. Billen, S. Bindner, A. Shamas-Din, C. Fradin, B. Leber, D.W. Andrews, Membrane binding by tBid initiates an ordered series of events culminating in membrane permeabilization by Bax, Cell. 135 (2008) 1074–1084. https://doi.org/10.1016/J.CELL.2008.11.010.
[50]	Y. te Hsu, K.G. Wolter, R.J. Youle, Cytosol-to-membrane redistribution of Bax and Bcl-X(L) during apoptosis, Proceedings of the National Academy of Sciences of the United States of America. 94 (1997) 3668–3672. https://doi.org/10.1073/PNAS.94.8.3668.
 


image4.tif
W M i M’M g m«%m R

" ‘Wm; "

—— BAX —— ABAX
—— MCL1 — AMCL1

. ‘ |
50 Time (ns) 100 2




image5.jpeg
17

165 —

155

—— MCLI-BAX

—— AMCLI-BAX

Time (ps)

10000

]
15000




image6.tiff
RMSF (A°)

—— MCLL-BAX

[—— amcrL1BAX

MCL1

*
T

2

m

m

m 253
Residue Number

30




image7.tif
Area (nm”)

I . -

0.9 = = MCLI-BAX ]

—— AMCLI-BAX

08— B
F Mcl-1 BAX

0.7 A

06

05

o : U L .
172 72 m 322753 80

Residue Number





image8.jpeg
ML

-=-=-amcl1

00

350

300

250

200

150

100

Residue Number

12

21095 SSAUIIPIOSI(]

02
0

0.2




image9.jpeg
o1 1 g g s 1 e g e e

il g v :]. (1) -

1 r 7

e et ek s e e e e s .U,..;.-J......u Shen bl

a3 SN RET Y





image10.jpeg
.F:...:.W.,.._. LKA e e





image11.jpeg
None Ext Bridge 3-10 Alpha Pi Turn Bend




image12.jpeg
MCL1

28z NSy
087 ML

60%

100%

=Electrostatic Avg.  =Polar Solvation Avg. = Non-Polar Solv. Avg.

=van der Waals Avg.




image13.jpeg
MCL1

-100%

= Non-Polar Solv. Avg.

=Electrostatic Avg.  mPolar Solvation Avg.

mvan der Waals Avg.




image14.tif
60

a0

20

14000

12000

10000

8000

6000

4000

2000

frame #




image15.jpeg




image16.jpeg




image17.jpeg




image18.jpeg




image19.jpeg
Cluster:1 Cluster:2




image20.jpeg
Cluster:3 Cluster:4




image21.jpeg
Cluster:1 Cluster:2 Cluster:3




image22.jpeg
Cluster:5

Cluster:4




image23.jpeg
RMSD (A%

AMCL1 |

5 10 15 20 25 30

Time (ns)




image1.jpeg




image2.tif
SNP Prediction G
.
«

GCGCM‘

Mutated
P GeeCaACCeTCCGE

Synonymsf| Nonsynonymous

Mutated
ETLRRFGDGV

MCLI /AMCLL

MD Simulation

Structural Analysis

Free Energy Calculafions

*"'





image3.png




