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Introduction: In the era of targeted therapies, molecules for the reactivation of the oncosuppressor p53 in human cancer have not yet reached FDA or EMA approval. Recently, the interaction region of the MDM2/MDM4 heterodimer, the most efficient inhibitor of p53 levels and function, has been successfully targeted. Disruption of the heterodimer activated p53 oncosuppressive function in vitro and in vivo. Despite these encouraging results, further studies on the MDM2/MDM4 interaction region have yet to progress.Methods: Here, we undertook a detailed bioinformatic and biochemical analysis of this region. Using molecular dynamics simulation followed by umbrella sampling.Results and discussion: We characterized a short peptide and modified derivatives with increased binding affinity and pharmacodynamics features compared to previous molecules. Our results uncover the intrinsic plasticity of the MDM2 RING domain through different binding clefts and provide evidence of its ability to host different peptides by key residues. This data may guide the development of next-generation therapeutic inhibitors.Keywords: target p53, peptide, MDM2, MDM4 (MDMX), umbrella sampling
1 INTRODUCTION
The p53 gene is one of the most relevant oncosuppressors. Numerous clinical and experimental evidences support this notion: the gene is mutated or inactivated in almost 50% of overall human cancer; the p53 knockout mouse develops tumors by 6 months of life; the LiFraumeni syndrome, characterized by the risk of developing multiple invasive cancers (approximately 90% by age 70) is associated with p53 mutation (Hassin and Oren, 2023). The relevance of the oncosuppressive activity of p53 in human cancer has sustained the development of numerous molecules to correct the altered structure of mutant p53 and/or re-establish its function (Hassin and Oren, 2023). Following the discovery of MDM2 in 1992 and its function as a crucial inhibitor of p53, targeting the interaction between p53 and MDM2 has been regarded as a leading approach to therapeutic intervention (Zhu et al., 2022; Hassin and Oren, 2023). Research studies realized the prototype of these molecules, Nutlin-3a, with great excitement and hope (Vassilev et al., 2004). From that point, numerous molecules have been developed. Unfortunately, cancer patients still do not benefit from these efforts.
The reasons for these partial failures are multiple (Haronikova et al., 2021; Zhu et al., 2022). One adverse effect that impairs the advancement of some p53-reactivating molecules is their toxicity to non-malignant cells, due to bone marrow cytopenia and gastrointestinal disorders (Lu et al., 2012). In addition, the discovery of the MDM2 homolog, MDM4, suggested one additional explanation for the lack of success of previous MDM2 inhibitors since those inhibitors showed reduced ability in MDM4 targeting (Yu et al., 2020). Consequently, new molecules have been identified to target MDM4 or both proteins simultaneously (Skalniak et al., 2019; Teveroni et al., 2016; Yu et al., 2020). Given the lower ability of MDM4 to inhibit p53, MDM4 inhibitors have shown low efficiency and did not go beyond Phase I clinical trials (Yu et al., 2020). Conversely, some success was obtained by dual inhibitors, new molecules able to target MDM4 and MDM2 simultaneously (Skalniak et al., 2019; Teveroni et al., 2016).
At the same time, other approaches for the reactivation of p53 emerged, such as those targeting specific activities of MDM2. Indeed, this protein exerts a double control over p53: i) it maintains the p53 protein at low levels through its ubiquitin ligase activity; ii) it interferes with the interaction of p53 with factors of the transcription machinery by binding the transactivation domain of p53 (Karni-Schmidt et al., 2016; Shadfan et al., 2012). Data from animal models expressing knock-in MDM2 genes with impaired E3 ubiquitin ligase activity suggested that the impairment of this activity may represent a favorable approach for p53 reactivation. Inhibition of the sole MDM2 ubiquitin ligase activity allows for maintaining the control of basal p53 transcriptional function in nontumor cells and can avoid the observed toxicities of MDM2-p53 binding disruptors due to p53 overfunction in healthy tissues (Humpton et al., 2021; Tollini et al., 2014).
Moreover, since the ubiquitin ligase MDM2 is provided with oncogenic activities additional to the control of p53 (Coutts et al., 2007; Fu et al., 2009; Yang et al., 2006), inhibiting this activity has opened potential therapeutic approaches in tumors with MDM2 overexpression (Weissman et al., 2008).
Additional detailed studies of p53 degradation evidenced the superior efficiency of the ubiquitin ligase function of the heterodimer MDM2-MDM4 compared to the sole MDM2 in controlling p53 levels (Gu et al., 2002; Linke et al., 2008; Tanimura et al., 1999). Therefore, some approaches were proposed to interfere with the heterodimer to hamper its inhibitory activity (Herman et al., 2011). Since the interaction region of the two proteins is an extended β-sheet flat surface, the search was also directed toward protein-protein interaction inhibitors. In 2015, a peptide able to interfere with the heterodimerization of the two proteins was reported (Pellegrino et al., 2015). This peptide binds MDM2 and activates p53 in vitro and in vivo, inducing an oxidative stress response and a consequent apoptotic collapse of tumor cells. From that study, an in-depth analysis of the chemical structure of the heterodimer region emerged as mandatory to deepen binding features at an atomic level and to design novel, more effective inhibitors. In this work, we performed a detailed bioinformatic and biochemical analysis of the MDM2/MDM4 interaction region and, by in silico screening, characterized two peptides targeting this region that uncovered additional conformations of the MDM2 RING (Really Interesting New Gene) domain.
2 MATERIALS AND METHODS
2.1 Alignment of peptides KVFIA and PWFRW
Starting from the crystal structure of the heterodimer complex (PDB code: 2VJF), a complex of KVFIA with MDM2 was generated in PyMol by truncating the RING domain of MDM4 (chain B). After selecting KVFIA and the amino acid around 4Å, the functions “find any contact” and “find polar contacts” were used to detect the interactions between the peptide and MDM2. MD trajectory files were inspected frame-by-frame to analyse the different binding positions of KVFIA and PWFRW and which regions of MDM2 counteract. We highlight those using the functions described above.
2.2 Alignment of MDM2-MDM4 sequences and WebLogo graphic
The sequences used for the alignments were obtained from the UniProt database using only verified sequences. The sequences were loaded into the online tool Clustal Omega for Multiple Sequence Alignment (MSA) (Madeira et al., 2022). These alignments were created using the online tool Weblogo.berkeley.edu. The total height of the stack indicates the sequence conservation at that position. In contrast, the height of the symbols within the stack indicates the relative abundance of each amino acid at that position.
2.3 Docking and molecular dynamics
KVFIA peptide (ligand) was generated, trimming out the last five amino acids from the MDM4 structure in the PDB 2VJF entry. The datasets generated and/or analysed during the current study are available in the RCSB Protein Data Bank repository, https://www.rcsb.org/structure/2VJF. Before docking, the ligand was fully hydrogenated and was subjected to geometry optimization performed with obminimize subroutine within Open Babel, v. 3.1.0 (O'Boyle et al., 2011) and MMFF94 force field; minimization was left free up to 10,000 minimization steps to reach 1e-8 kcal mol-1 under steepest descent algorithm. The RING/MDM2 (receptor) was extracted from the 2VJF entry, holding a single monomer. All water was removed from the crystal structure. Hence, AutoDock Tools (ADT, v. 1.5.7) (Morris et al., 2009) was used to edit the structure (where needed), add formal charges, and convert the files into .pdbqt format. Docking was performed by AutoDock Vina, v.1.2.3 (Eberhardt et al., 2021; Trott and Olson, 2010): a cubic (8,000 Å3) search box was centered around the MDM4 C-terminal binding site, and an exhaustive search (set at 24) was performed. For the small-scale virtual screening campaign on the 72 peptides, ligands were fully hydrogenated and subjected to geometry optimization performed with obminimize as KVFIA. Docking was performed by limiting the searching grid (20 × 20 × 20 Å) over the binding cleft of KVFIA. For the small-scale virtual screening campaign of the relative’s compounds, a series of 72 peptides (out of the 3,200,000 possible permutations) was screened, which stemmed from KVFIA and then by gradually modifying the original peptide, based on the predicted energy by Autodock Vina after any substitutions. For each compound, hydrogenation and energy minimization steps were performed as above. GROMACS, v. 2023, compiled with CUDA support, was used in all simulation and analysis steps; additional data analysis and associated plots were performed with GNU/Octave (Eaton et al., 2024). Molecular dynamics simulation started from the best (highest scoring) binding pose after the Vina run. The protein and the peptide were initially modeled as a single multi-chain specimen using CHARMM36 (release July 2022). TIP3P water was used to solvate the system. All hydrogens and water were removed from the initial model; proper coordination of the two zinc ions embedded in the RING/MDM2 was assured by setting a harmonic potential between zinc and cysteines S atoms or histidine proximal N atoms, using equilibrium distances of 0.2 nm and 0.24 nm, respectively, and a force constant of 4 × 103 kJ mol-1 nm2 as parameters. The two atoms were also restrained in position (k = 105 kJ mol-1 nm2) during energy minimization and equilibration steps. The Verlet algorithm was used to integrate Newton’s equation of generated motion. Electrostatic interactions were treated using the particle mesh Ewald (PME) method with a cutoff value of 1.2 Å and grid spacing for FFT set at 1.6Ǻ; short-range electrostatic cutoff and Wan der Waals cutoff were set at 16 Å each. A triclinic solvation box of 6.06924, 6.06924, 4.29160 nm axes length was generated and filled with 4,714 water molecules, keeping the distance between the protein and the walls of the box at 1 nm; K+ and Cl− (38 and 52 atoms, respectively) were added to ensure neutrality while keeping salt concentration at 400 mM. Energy minimization was performed with a steep descent method up to 100 kJ mol-1 nm-1 allowed force. Two subsequent steps of proper equilibration were performed under canonical (NVT, 200 ps) and thermobaric-thermostatic (NPT, 500 ps) ensemble. Restraints were removed, and the production phase was performed under NPT conditions, with a time step of 2 fs, up to 200 ns.
In the umbrella sampling simulation of KVFIA, an orthorhombic solvation box of 14 × 8 × 8 nm axes in length was generated; the protein was oriented to align the longest axes of the peptide perpendicular to the x-axes, which had been chosen as the pulling coordinate (the reaction coordinate, ζ, in subsequent WHAM analysis), and keeping the distance between the protein and the wall of the box at 1 nm. The new box was filled with 28,791 water molecules; K+ and Cl− (216 and 230 atoms, respectively) were added to ensure neutrality while keeping salt concentration at 400 mM. Energy minimization and NPT equilibration were performed as above. Then, the pulling force of 500 kJ mol-1 nm-2 was applied to the center of mass (COM) of KVFIA, whereas the COM of the RING/MDM2 was kept in place, applying proper restraints to the whole molecule. The pulling rate was kept fixed at 0.005 nm ps-1. A series of configurations along the reaction coordinate, ζ, was extracted from the pulling simulation to conduct umbrella sampling. Hence, this served as the starting configurations for the umbrella sampling windows, which were run as independent simulations, each comprising an NPT ensemble equilibration (200 ps) and a run of productive step (10 ns). In both cases, restraints were applied to keep RING/MDM2 in place, whereas a harmonic potential with a spring constant equal to 1,500 kJ mol-1 nm-2 was added to the sample peptide conformational space. The force on the spring over time is visible in Supplementary Figure S2. Electrostatic interactions were treated using the particle mesh Ewald (PME) method with a cutoff value of 1.2 Å and grid spacing for FFT set at 1.2 Å. A total of 63 windows, which ultimately recapitulate the simulated detachment of the peptide from its target, were generated, sampled, and analysed to compute the one-dimensional potential of mean force (PMF). The spacing between adjacent windows was chosen to ensure a good overlap of sampled windows in the final histogram, and the distance ranged from 0.1 to 0.5 nm. All the 63 generated windows were used to compute the PMF using the WHAM algorithm implemented in GROMACS. Thus, 642.6 ns simulation time was used to calculate the single protein-peptide interaction PMF. Bootstrap analysis of over 200 replicates was performed to get statistical significance.
Molecular dynamics for the RING/MDM2/PWFRW complex was performed starting from the best (first) binding pose after the Vina run and modeled as already done for KVFIA. Parameters were set as reported above for KVFIA. A triclinic solvation box of 6.06924, 6.06924, 4.29160 nm axis length was generated and filled with 4,701 water molecules, keeping the distance between the protein and the walls of the box at 1 nm; K+ and Cl− (38 and 52 atoms, respectively) were added to ensure neutrality while keeping salt concentration at 400 mM. Energy minimization was performed with a steep descent method up to 100 kJ mol-1 nm-1 allowed force, followed by an additional step with a conjugate gradient method up to 10 kJ mol-1 nm-1 allowed force. Two subsequent steps of proper equilibration were performed under canonical (NVT, 200ps in length) and thermobaric-thermostatic (NPT, 500 ps) ensemble. Restraints were removed, and the production phase was performed under NPT conditions, with a time step of 2 fs, up to 200 ns. The configuration obtained after 160 ns, being in a minimum, was used as starting material to perform the pulling/United States protocol. In the umbrella sampling simulation of PWFRW, an orthorhombic solvation box of 6, 14, 4 nm axis length was generated; the box was chosen to keep it as small as possible to limit computational costs; the protein was oriented to align the longest axes of the peptide perpendicular to the y-axes which had been chosen as the pulling coordinate (the reaction coordinate, ζ, in subsequent WHAM analysis), and keeping the distance between the protein and the walls of the box at 1 nm. The new box was filled with 10,504 water molecules; K+ and Cl− (81 and 95 atoms, respectively) were added to ensure neutrality while keeping salt concentration at 400 mM. Energy minimization and NPT equilibration were performed as above. Then, the pulling procedure and the umbrella sampling were performed as previously described for KVFIA, but the productive step was limited to 5 nsec. Sixty-eight windows were used to compute the PMF using the WHAM algorithm implemented in GROMACS. Thus, 353.6 ns simulation time was used to calculate the single protein-peptide interaction PMF.
MM/GBSA was performed on the central frames obtained after the first production run, avoiding the initial burst and latest (detachment of KVFIA) phases, for a total of 20,050 frames; sampling was performed every 10 frames; oldff/leaprc. ff99SB, leaprc. gaff were used as force fields to build up topologies; PDBradii was set to three; internal and external dielectric constants were set to 1 and 78.5, respectively; salt concentration was set to 0.41 M; solvent probe radius for surface area calculation was set to 1.4 Å.
2.4 Clustering analysis
Clustering analysis was performed by GROMACS on data belonging to both simulations, ranging from 10ns to 150 ns, to get an equal number of frames to be integrated and to avoid both the equilibration phase and the latest period corresponding to the detachment of KVFIA and PWFRW from MDM2. Distances between structures have been determined by the Gromos algorithm. The RMSD cut-off (nm) for two structures to be considered as neighbourhoods was set at 0.085. This value was chosen after several trials to get populations of comparable size in the two systems while trying to avoid too striking shrinkage of the original data. Only clusters containing more than 3% of the population were considered representative of stable conformational states.
2.5 Free energy landscape analysis
Free energy landscapes were constructed using the sham module in Gromacs from RMSD and Rg data obtained from MD simulation ranging from 10 ns to 150 ns; this window ensured an equal number of frames to be integrated and avoid both the equilibration phase and the latest period corresponding to the detachment of KVFIA from MDM2. The final 2D and 3D plots were generated by GNU/Octave.
2.6 GST-MDM2 production
BL21 competent cells were transfected with pGEX4T-1-Flag-HsMdm2 construct by heat shock transformation protocol. Engineered BL21 cells were grown in LB Broth (Luria) with 100 μg/mL ampicillin (Sigma-Merck) and incubated at 37°C on a shaker. When the bacterial culture reached OD600 = 0.7, 0.5 mM Isopropil-β-D-1-tiogalattopiranoside, IPTG (Sigma-Merck), and 200 µM ZnCl2 (Sigma-Merck) were added. After 2 h at 37°C, the culture was pelleted at 3,000 rpm and the pellet was lysed, by sonication, with NETN buffer (50 mM Tris pH 8.3 and 150 mM NaCl) supplemented with 100 μg/mL DNase, 1mM PMSF, 0.2 mg/mL lysozyme and 10% glycerol. The solution was centrifugated at 16,000 rpm for 2 h at 4°C. The salt precipitation protocol was then performed using ammonium sulfate ((NH4)2SO4). Different fractions obtained by precipitation with increasing concentrations of (NH4)2SO4 were controlled by Coomassie gel. The fraction enriched by MDM2 fusion protein (60% and 90%) was collected and purified by binding to glutathione agarose resin (Sigma-Merck) at 4°C for 2 h and then eluted using 2 mM ATP and 10 mM MgCl2 to enhance purification from contaminating E. coli Heat-Shock Proteins. After elution, 60U thrombin (Sigma-Merck) were added to the solution. The cleavage step was left overnight at 4°C under rotation. The next day, ion exchange with HiTrap QFF column (Sigma-Merck) was performed and the fraction containing MDM2 was concentrated with Amicon® Ultra 4 mL (30 kDa MWCO). Every step of the entire procedure was controlled by Coomassie gel, and a BSA standard curve was used for quantitation. Quantitation was also confirmed by Bradford assay.
2.7 Binding studies
The binding of KVFIA to the recombinant form of the human full-length MDM2 was assessed by quenching of intrinsic fluorescence at 340 nm after excitation at 280 nm. Spectra were recorded at 25°C on a Jasco FP-8200 spectrofluorometer equipped with a thermostat. Five traces were collected to get an averaged emission signal. Peptides’ concentration ranged from 30 pM up to 1 nM. After adding each peptide concentration, the system was left free to equilibrate for a few minutes under stirring. The dissociation constant, KD, was obtained from non-linear regression fit to the general binding curve (Langmuir isotherm), assuming the formation of a 1:1 complex, as follows:
[image: image]
where Fi is the measured fluorescence after ith peptide addition, Fmax is the intrinsic MDM2 fluorescence in the absence of any peptide, Fmin is the fluorescence of the fully complexed protein, KD the dissociation constant for the peptide under investigation, and [pep]i the concentration of added peptide at ith step.
3 RESULTS
3.1 Characterization of MDM2-MDM4 interaction interface
The MDM2 and MDM4 proteins interact through their RING (Really Interesting New Gene) domains and form an extended six-strand β-barrel region, contributed by the secondary structure elements belonging to both proteins (Figure 1A). Since the RING domains of MDM2 (RING/MDM2) and MDM4 (RING/MDM4) are highly conserved alongside with their tertiary structures, their interaction generates a nearly symmetrical heterodimer (the root-mean-square deviation - RMSD - among the two proteins being 0.334 Å) (Figure 1A).
[image: Figure 1]FIGURE 1 | RING-RING interaction region of MDM2/MDM4 heterodimer. (A, B) Different angles of the heterodimer crystal structure. Yellow is the RING domain of MDM2, and blue is the one of MDM4. (A, B) are obtained by 180° rotation around the Y-axis. The arrows indicate the three contact regions of the RING domains. The red arrow (number 1) indicates the interaction between the C-terminus of MDM4 and the second beta-sheet of MDM2, the magenta arrow (number 2) indicates the interaction between the C-terminus of MDM2 and the second beta-sheet of MDM4, the cyan arrow (number 3) indicates the interaction between the two small alpha-helices of MDM2 and MDM4 (picture created by PyMol PDB Code: 2VJF). (C) Visual representation of the MDM2 and MDM4 RING sequence conservation by Web Logo. The image is created by aligning four sequences of Danio Rerio, Xenopus Leavis, Mouse, and Human, representing three out of five classes of chordates: fish, amphibians, and mammals. The bits measure the conservation of the residues. For MDM2 alignment the sequences used are: sp|O42354|MDM2_DANRE, sp|P56273|MDM2_XENLA, sp|P23804|MDM2_MOUSE, sp|Q00987|MDM2_HUMAN. For MDM4 alignment the sequences used are sp|Q7ZUW7|MDM4_DANRE, sp|Q7ZYI3|MDM4_XENLA, sp|O35618|MDM4_MOUSE, sp|O15151|MDM4_HUMAN. The different colours indicate the physico-chemical features of amino acids, as reported in the legend on the right. The arrows indicate the regions of interaction described in (A, B).
By setting an arbitrary reference system, 180° rotation of the structure along the y-axis shows the presence of three interaction regions that contribute to the binding of the two RING domains: i) the first one involves the C-terminus of MDM4 with the second alpha-helix of MDM2 (Figures 1A,B, red arrow 1); ii) the second one involves the C-terminus of MDM2 with the second β-sheet of MDM4 (Figures 1A,B, magenta arrow 2); iii) the third one involves the small α-helix at the N-terminus of the two proteins (Figures 1A,B, cyan arrow 3). Previous studies showed that the first interaction region is mandatory for the formation of the heterodimer (Linke et al., 2008). Indeed, analysis of the conserved residues in MDM2 revealed that the amino acid sequences are highly conserved at the interaction region 1 (Figure 1C red arrows; Supplementary Figure S1A), supporting the crucial function of this region. Interaction region 2 also showed high level of conservation, whereas region 3 was poorly conserved. In comparison, the MDM4 sequence is less conserved (Figure 1C; Supplementary Figure S1B). Based on this data, we investigated peptides interacting with MDM2 region 1 as potential inhibitors of the heterodimer formation.
3.2 Chemical features of short peptide Pep3S
The previously identified Peptide 3 (Pep3) mimics the MDM4 C-terminus and interacts with the region 1 of MDM2 encompassing the last C-terminus twelve amino acids of MDM4 (NH2-KEIQLVIKVFIA-COOH). Pep3 competes with endogenous MDM4 for binding to MDM2, interfering with the heterodimer assembly. Based on the available crystal structure of MDM2 and MDM4 heterodimer and the binding data of the dodecamer peptide (Ballarotto et al., 2024; Pellegrino et al., 2015), a shorter peptide was designed, contributed by only the last five amino acids of Pep3 (Pep3S, hereafter also referred to as KVFIA).
Structural analysis of the deposited PDB 2VJF entry (Linke et al., 2008) revealed that this peptide makes multiple interactions with the residues of the interaction region 1 of the RING/MDM2, namely, N433, K446, K454, T455, G456, H457, L458, and M459 (Figure 2; Supplementary Table S1). Besides some non-polar contacts, the binding of KVFIA is fostered by six polar interactions, supporting the hypothesis of high affinity of this peptide (Supplementary Table S1).
[image: Figure 2]FIGURE 2 | KVFIA/MDM2 interaction. PyMOL cartoon structure depicting the crystal structure of MDM2 RING (yellow) interacting with KVFIA (magenta). The residues of MDM2 interacting with KVFIA are shown in sticks.
3.3 Docking and molecular dynamics simulation of KVFIA peptide
To get a more precise picture of the putative binding of KVFIA to MDM2, we performed docking studies starting from the available crystal structure of the MDM2/MDM4 RING complex, PDB 2VJF. All but the C-terminal tail of MDM4 was trimmed out from the structure, resulting in the Pep3S, NH2-KVFIA-COOH sequence. This peptide was left free to bind the RING/MDM2 region in a targeted docking run by centering the search grid region where the C-terminal tail of MDM4 binds its partner in the crystal structure. Docking was performed to get an initial estimation of binding energy and to generate a starting structure for subsequent molecular dynamics simulation. The best binding poses account for predicted energies from −5.7 to −5.3 kcal/mol (in replicates of docking runs), roughly placing KVFIA binding affinity in the middle micromolar range (68–133 µM) at 300 K.
To validate this docking pose, we investigated the stability of the KVFIA-RING/MDM2 complex by molecular dynamics (MD) simulation performed in explicit water solvent for 200 ns under constant pressure (1 bar) and constant temperature (300K). Initially, MD aimed to get the best stable interaction pose compatible with the size and shape of the RING/MDM2 groove with KVFIA. Root Mean Square Deviation (RMSD) analysis revealed that the system equilibrates after a few nanoseconds (Figure 3A). A subsequent almost flat region could be recognized up to 150 ns. The latest part of the simulation showed the detachment of the peptide from the binding groove (Figure 3A) due to the direct contact with the solvent that made the peptide free to explore a broader range of conformations.
[image: Figure 3]FIGURE 3 | Molecular dynamics (MD) simulation of the KVFIA/RING-MDM2 complex. (A) Graph of Root Mean Square Deviation (RMSD) calculated over the simulation timeframe of 200 ns under constant pressure (1 bar) and constant temperature (300K). The detachment of KVFIA was observed after 160 ns. (B) Magnification of the previous graph between the time frame 0–100 ns. In the nearly 50 ns, the system was at a local minimum, and this point was chosen as a starting point for the pulling procedure. (C) Free energy landscape of simulated detachment of KVFIA from RING/MDM2, after umbrella simulation (US) procedure. The binding energy (ΔGbind) was evaluated by integrating the potential of mean force (PMF) obtained after a series of umbrella sampling (US) simulations; a total pulling time of 600 ps was performed. The plot was generated by the combination of 68 frames (Supplementary Figure S2). Red dotted lines delimit the lower (LV, −4.83 kcal mol-1) and the upper values (as the average of the flat upper region, UV, 7.98 kcal mol-1), whereby the ΔG was calculated as ΔG = UV-LV. A second local minimum, centered at 1.2 nm, likely accounts for a metastable state generated during the pulling procedure. The cusp in the PMF plot reflects an under-sampled region among the two minima (see Supplementary Figure S2B). Any attempts to get enhanced resolution of the profile in that region was unsuccessful.
This first simulation paved the way for a more accurate estimation of the energy associated with the binding of KVFIA to RING/MDM2 by the umbrella sampling (United States), an in silico procedure well suited for this kind of system (Broomhead and Soliman, 2017; Pantsar and Poso, 2018). The US procedure permits the calculation of the binding energy between two specimens by using the pulling simulation (Kästner, 2011), a computational method by which an imaginary force is applied to the center of mass (COM) of one molecule belonging to a bimolecular complex along an arbitrary path for the detachment of the molecule while keeping the other COM restrained in its original position. To recapitulate KVFIA dissociation from the target RING/MDM2, we chose the 50 ns time point, at which RMSD reached the minimum value (Figure 3B), as starting point. We applied a pulling force of 500 kJ mol-1 nm-2 with a pulling rate of 0.005 nm ps-1 to the COM of KVFIA while keeping MDM2 restrained in its original place. This procedure resulted in a constant increase of pulling force followed by a steep fall and an oscillating behaviour at a longer distance (Supplementary Figure S2A). The US was then performed by getting a series of initial configurations, taken at increasing COM distance from RING/MDM2. Each distance corresponds to a location where KVFIA was harmonically restrained by applying a biasing potential (set at 1500 kJ mol-1), which keeps the peptide in place while it explores a larger conformational space in that region. This procedure created a series of snapshots of the KVFIA detachment route from MDM2. The Weighted Histogram Analysis Method (WHAM, Supplementary Figure S2B) calculated after pulling and umbrella sampling indicated a predicted binding energy, ΔGbind, equal to −12.81 kcal mol-1 (calculated as the difference between the top flat region and the absolute minimum in the final PMF plot; Figure 3C). The obtained ΔGbind places KVFIA affinity in the sub-nanomolar range, with a calculated value of 430 pM at 300 K (Supplementary Table S2). This value is much higher than that obtained from docking and highlights the importance of further exploring the initial docking poses to get a better estimate of the binding affinity (Broomhead and Soliman, 2017; Pantsar and Poso, 2018; Tam et al., 2022). To further reinforce the umbrella sampling data, we pursued the MM/GBSA approach. In this case, the ΔG was equal to −12.6 ± 4.16. In the MM/GBSA method, the ΔG is obtained from the ΔG = ΔH-TΔS relation, obtaining ΔH = −30.55 ± 2.86 and -TΔS = 19.95 ± 3.02. Thus, the ΔG obtained with this approach is in line with that obtained after the US procedure.
3.4 In vitro analysis of KVFIA affinity
To confirm the high affinity of KVFIA for the RING/MDM2, as indicated by the MD/US simulation, we tested its value in solution. We performed an in vitro binding assay by measuring the intrinsic fluorescence of full-length recombinant MDM2 and its quenching in the presence of KVFIA. The sequence of full-length MDM2 has 11 Phe, 14 Tyr, and 4 Trp, which ultimately contribute to generating a fluorescent signal. We set up a protocol for producing human recombinant full-length MDM2 exploiting the Glutathione S-transferase (GST) Gene Fusion System and salting out by ammonium sulfate precipitation. The dissociation constant (KD) obtained by titrating a fixed amount of MDM2 (0.2 µM), with increasing concentration of Pep3S (from 30 pM to 1 nM), was 0.152 ± 0.007 nM (Table 1), in good agreement with that obtained by molecular dynamics and umbrella sampling simulation (0.430 nM), reinforcing the reliability of such bioinformatic approach. KVFIA affinity was almost half-decreased compared to Pep3 (Table 1), indicating increased efficacy of the short peptide in MDM2 binding. In comparison, a control scramble peptide (VAIKF) showed an affinity value equal to 0.447 ± 0.028 (Valentini et al., 2025).
TABLE 1 | Binding affinity of peptides to full-length MDM2. Reported are the average value of two independent experiments performed in duplicates ±standard deviation.
[image: Table 1]3.5 In silico studies of KVFIA derivatives
We then focused on the relevance of the peptide sequence in determining the binding affinity. Using in silico screening, we tested a series of small peptides, each with up to four out of five residues altered from the original KVFIA sequence. From 3.2 million possible combinations, we shrank the list by observing that phenylalanine (Phe) at the central position and tryptophan (Trp) at the C-terminal (C-term) position consistently yielded lower docking energies. Fixing these residues to enhance binding affinity, we selected 72 pentapeptides (primarily composed mainly of L-α-amino acids) based on top docking scores (Supplementary Table S3).
These findings align with the physicochemical properties of KVFIA and literature data: Trp, being bulkier than Ala, more effectively fills the MDM2 binding groove, strengthening peptide-target interactions, while Phe is crucial for MDM4 binding to MDM2. (Poyurovsky et al., 2007; Uldrijan et al., 2007).
Among those peptides contributed by only α-amino acids and retaining the invariant Phe and the C-term Trp, PWFRW showed the highest predicted binding energy in docking (−7.4 kcal/mol; Supplementary Table S3), a neat increase over the original KVFIA (−5.7/–5.3 kcal/mol). Interestingly, the docking pose suggested a slightly different binding region compared to KVFIA (Supplementary Figures S3A, S3B). To compare MDM2 in complex with PWFRW and KVFIA, we performed molecular dynamics simulation. The initial MD run showed that PWFRW behaved differently from the original KVFIA: RMSD showed that PWFRW did not detach from RING/MDM2, unlike KVFIA (Figure 4A, blue line). Moreover, by comparing RMSF profiles obtained for alpha carbons of PWFRW and KVFIA, we observed that the former induced the RING/MDM2 to acquire a more rigid structure (Figure 4B). Finally, WHAM analysis provided predicted binding energy of 12.33 kcal mol-1, corresponding to 966 pM affinity (Figure 4C), a value that does not deviate too much from that obtained for KVFIA. These findings foster the idea that the heterodimer can be targeted by peptides whose composition is highly different from the original sequence of the MDM4 C-term while still maintaining high affinity to the RING/MDM2. Moreover, the crucial Phe at position three in both peptides appears to be a pivot for the two interaction regions, 1 and 2 of the MDM4/MDM2 heterodimer.
[image: Figure 4]FIGURE 4 | Molecular dynamics (MD) simulation of the PWFRW-RING/MDM2 complex. (A) Graph of Root Mean Square Deviation (RMSD) calculated over the simulation timeframe of 200 ns under constant pressure (1 bar) and constant temperature (300 K). Unlike KVFIA, no detachment was observed. The inset shows the superposition of RMSDs of KVFIA (red line) and PWFRW (blue line). (B) Root-mean-square fluctuation (RMSF) of RING/MDM2 (aa 428–491) in complex with KVFIA (red line) or PWFRW (blue line). A differential RMSF plot is shown in the inset. Any value above the threshold set to zero implies that the corresponding residue of RING/MDM2 (indicated as a number in the x-axis) fluctuates much more in the presence of KVFIA than in PWFRW. (C) Free energy landscape of simulated detachment of PWFRW from RING/MDM2, after Umbrella simulation (US) procedure. The binding energy (ΔGbind) was evaluated by integrating the potential of mean force (PMF) obtained after a series of Umbrella sampling (US) simulations; a total pulling time of 600 ps was performed. The plot was generated by the combination of 68 frames. Red dotted lines enclose the lower (LV, −3.97 kcal mol-1) and upper values (as the average of the flat upper region, UV, 8.36 kcal mol-1), whereby the ΔG was calculated as ΔG = UV-LV.
3.6 Structural comparison and analysis of KVFIA and PWFRW binding to RING/MDM2
Since the two peptides bound two different regions of the RING/MDM2, we wondered whether they experienced different conformational states when bound to RING/MDM2. For this purpose, we used MD trajectories of MDM2 in complex with both peptides to cluster their conformational states. This analysis showed that over 97% of conformational states cluster in three groups for KVFIA or two groups for PWFRW (Figures 5A,B; Table 2). This implies that the binding of KVFIA resulted in a broader number of different conformational states than PWFRW. In addition, clustering confirmed that the two peptides explored different portions of the binding cleft during the simulation (Figure 6A) and that, in turn, the binding was mediated by different interactions (Table 2). Particularly, the polar contacts of KVFIA were retained only by three out of five residues (K1, F3, A5) in all the three most representative clusters (Table 2; Figures 6A–D; Supplementary Tables S4-S6), indicating that the binding of KVFIA to MDM2 is very similar to that of C-terminal of MDM4 in the PDB-2VJF structure. Conversely, PWFRW makes polar contacts by four out of five residues (W2, F3, R4, W5) (Table 2; Figures 6A, C, E; Supplementary Tables S7, S8) in different clusters (Table 2, cluster 15). In addition, although both peptides make non-polar contacts with all their residues (Table 2), PWFRW contacted a higher number of unique residues belonging to RING/MDM2 (Table 2, cyan cells).
[image: Figure 5]FIGURE 5 | Clustering of conformational states of RING/MDM2-peptides’ complexes. Representative structures belonging to the most populated states (≥3%) show the different portions of the binding cleft experienced by the two peptides. (A, B) Representative structures after cluster analysis of the RING/MDM2 in complex with KVFIA - red, panel (A) - and PWFRW - magenta, panel (B). The figure highlights the different portions of the interaction region explored by the two peptides.
TABLE 2 | Contact points of KVFIA and PWFRW with RING/MDM2 in indicated clusters.
[image: Table 2][image: Figure 6]FIGURE 6 | Binding position and interaction surface of KVFIA and PWFRW with MDM2. (A) Superposition of KVFIA (magenta) and PWFRW (blue) on the surface of RING/MDM2 observed by consecutive 90° rotations around the Y-axis. The yellow dotted boxes indicate the groove/cleft occupied by KVFIA (number 1, left panel) or PWFRW (number 2, right panel). PWFRW binds a different groove/cleft in a backward position compared to KVFIA (yellow dotted box number 2, right panel). (B, C) Magnification of the most stable interaction between KVFIA (F3) and G456 (1.8 Å) and (F3 and (A) L458 (1.9 Å) of MDM2 (magenta dotted box, left panel), and between PWFRW (N-term W2 and F) T488 (1.7 Å and 2.5 Å distance, respectively) and (W5 and R) P491 (1.9 Å and 2.0 Å distance, respectively)of MDM2 (blue dotted box, right panel). (D, E) Interaction surface of MDM2 with KVFIA (D) or PWFRW (E) observed by consecutive 90° rotations around the Y-axis. The different colors indicate the chemical nature of contacts, as reported in the relative legends. Structures made by PyMol PDB Code: 2VJF.
Molecular dynamic trajectories proved that PWFRW is more prone to create additional contacts than KVFIA due to marked differences in amino acid composition and moiety (Figures 7A, B). Particularly, PWFRW makes π-interactions with the phenylalanine 490 (F490) of MDM2. Specifically, by R4 via a cation-π interaction (Figure 7C) and by F3 and W5 via π-π interaction (Figures 7D, E) (details on frames whereby observations came from are given in the figure legend). Conversely, no π-interactions were detected in the binding of KVFIA. Interestingly, F3 of PWFRW also contributes to the interaction with Proline 491 (P491) of human MDM2 in the most representative Cluster 15 (Table 2). We speculate that this change of F3 from a purely hydrophobic interaction (with F490 of MDM2 in KVFIA, Table 2) to an extended π-interaction network (F490 and P491 of MDM2 in PWFRW, Table 2) drives the second peptide toward the different binding cleft. These results confirm the pivotal role of F3 and indicate the plasticity of the interaction regions 1 and 2 of the RING/MDM2 in hosting different peptides.
[image: Figure 7]FIGURE 7 | Representation of KVFIA and PWFRW and π-interactions between MDM2 and PWFRW. (A, B) Structural sticks representation of the two peptides created by PyMol. (C) π-cation interaction of F490 of MDM2 with R of PWFRW–mean distance 3.8 Å (dynamic simulation frames: 15,956–16264). (D) π-π interaction of F490 of MDM2 with Phe of PWFRW–mean distance 3.5 Å (dynamic simulation frames: 1892–1973). (E) π- π interaction of F490 of MDM2 with C-term Trp of PWFRW–mean distance 3.8 Å (dynamic simulation frames: 15,269–15,316).
3.7 Conformational state of RING/MDM2
Since the two peptides experience different conformational states, we wondered whether MDM2 would also experience different conformations when bound to one or the other. Combining RMSD and radius of gyration (Rg) data obtained from MD simulation, we generated the free energy profile of the RING/MDM2 in the presence of KVFIA or PWFRW. Although an energy minimum could be recognized in both cases, the plot of KVFIA (Figure 8A) appears more smeared compared to PWFRW (Figure 8B). These data suggest that KVFIA explores many low-populated states with close although different energy from each other. On the contrary, PWFRW showed a more compact plot around the minimum, indicating that many nearly identical conformational states lie within this unique well. These observations agree with the observed differences in the RMSF plots and the number of clusters for the two different systems: in KVFIA, two larger populations account for about 72% and 22% of the total conformational states (Figure 8C; Table 2); in PWFRW, approximately 95% of the population lies in a single deep well (Figure 8D; Table 2). Overall, these data prove that the RING/MDM2 adopts different conformational states by hosting different peptides. This observation could also have important implications for the competitive binding dynamics of MDM4.
[image: Figure 8]FIGURE 8 | Free energy profile of the MDM2/RING in the presence of KVFIA or PWFRW. (A, B) Heatmap of free energy profile of the MDM2/RING in the presence of KVFIA (A) or PWFRW (B). (C, D) 3D profile of free energy after US procedure.
4 DISCUSSION
In this work, we undertook a detailed bioinformatic and computational analysis of the interaction region of the two homolog proteins MDM2 and MDM4 and characterized novel peptides with different binding properties to this region.
MDM2 and MDM4 are largely recognized as the main inhibitors of p53, one of the most relevant tumor suppressor genes (Hu et al., 2016; Karni-Schmidt et al., 2016). Accordingly, many efforts have been spent on targeting the p53/MDM2 and p53/MDM4 complexes. More recently, targeting the MDM2/MDM4 heterodimer formation has been added to the scope through small molecules and peptides (Herman et al., 2011; Ilic et al., 2022; Merlino et al., 2024; Pellegrino et al., 2015; Wu et al., 2015).
Starting from a detailed analysis of the MDM2/MDM4 interaction region and taking advantage of a previous peptide whose sequence encompasses the C-terminus of MDM4, we demonstrated that the interaction region of MDM2 and MDM4 can host short peptides, five amino acids long, with increased binding affinity to the RING/MDM2/MDM4 compared to the previously published peptide (Pellegrino et al., 2015). For the evaluation of the binding affinity, we have taken a cautious approach, limiting the docking to just obtaining an initial binding pose. We did not rely on predicted affinity via docking and used a more sophisticated and accurate approach, such as umbrella sampling. It is worth noting that results about KVFIA obtained through MD simulation match with those obtained by in vitro fluorescence measurements in the limit of 1 kcal mol-1 as proposed by John Pople to ensure chemical accuracy (Pople, 1999), confirming the reliability of MD prediction. It is worth noting that the ΔG value obtained after MM/GBSA calculation is also within the limit of ±1 kcal mol-1, despite the fact that getting an accurate value for entropy is generally not an easy task, computationally-wise. Nevertheless, there is general compliance to consider as inaccurate any value for entropy whose uncertainty (as standard deviation) is beyond 3.6 (Ekberg and Ryde, 2021). Actually, the uncertainty associated with entropy calculation is within this limit (being -TΔS = 19.95 ± 3.02, as reported in the Results section).
In this regard, it should be mentioned that the KD value determined using the intrinsic fluorescence assay is significantly lower than the KD value previously obtained with microscale thermophoresis (KD = 19.2 µM) (Ballarotto et al., 2024). Such a discrepancy, however, can be ascribed to the different biophysical techniques that make use of the unlabeled target protein (intrinsic fluorescence assay) or the fluorescently labeled target protein (microscale thermophoresis). In this latter case, the presence of a fluorescent tag may have negatively affected the binding affinity of KVFIA to the MDM2 RING domain.
Our work underscores the importance of evaluating the predicted binding affinity and the initial binding poses obtained after virtual screening/docking procedures using molecular dynamics simulation. This finding supported our use of molecular dynamics simulation under fine-tuned conditions for the investigation of other molecules that ultimately resulted in the peptide PWFRW. We regarded the data produced for PWFRW by in silico methods as a starting point in the search of novel MDM2/MDM4 protein-protein interaction disruptors. The data presented here serve as a proof-of-concept to assess the goodness of the implementation of a pipeline encompassing MD followed by umbrella sampling in the pursuit of a new search. Further studies will add value to assess this new peptide, not only in vitro but also in cells.
The comparison of PWFRW and KVFIA data highlighted striking features and marked differences in the interaction properties with the RING/MDM2: KVFIA is the root in the family of short peptides stemming from the physiological sequence of MDM4, the binding partner of MDM2, and interacts with the central region of the RING domain of MDM2 (the red arrow in Figure 1). PWFRW, although maintaining the phenylalanine (Phe487 of MDM4), an essential point of contact for the heterodimer (Poyurovsky et al., 2007; Uldrijan et al., 2007), binds a different portion of the RING domain while retaining a similar predicted binding affinity to KVFIA. Particularly, PWFRW interacts with the RING/MDM2 C-terminal moiety, corresponding to the second heterodimer interaction region (the magenta arrows in Figure 1). The free energy profile demonstrated that such difference in contacts and composition shifts the relative population of the target MDM2, indicating that PWFRW forces RING/MDM2 in a narrower energy minimum compared to KVFIA (Figure 8). Thus, the RING/MDM2 can adopt different conformations depending on the binding of distinct peptides. The exact mechanism may involve either a change in MDM2 conformation upon initial peptide binding or a shift in the relative populations of its conformers to accommodate the bound molecule at best.
The discovery of a peptide binding the region two of the MDM2/MDM4 interaction domain will help to reveal the functional intersection among the three interaction regions of the heterodimer (synergic/cooperative/antagonistic activity). Indeed, at present, it is not known whether the three interaction regions display different properties or cooperate to strengthen the binding. The biological test of PWFRW could also help to define the specificity of the ubiquitin ligase activity of MDM2 towards other targets (Kosztyu et al., 2019). Indeed, MDM2 develops its ubiquitin ligase activity towards proteins other than p53. However, neither the requirements of the different regions of the RING/MDM2 in the development of this activity have been investigated nor the relevance of the heterodimer MDM4/MDM2. A recent paper reported the crystal structure of MDM2/MDM4 RING-domain heterodimer bound to E2 (UbcH5B) covalently linked to ubiquitin (UbcH5B–Ub) (Nomura et al., 2017). Of note, two residues involved in the binding of the heterodimer with ubiquitin, H457, and N433, are bound by both peptides (Table 2). Therefore, the short peptides here identified could interfere with the general ubiquitin ligase activity of the heterodimer and display additional activities to the reactivation of p53. Similarly, a recent new class of small-molecule inhibitors named MMRi (MDM2-MDM4 Ring Domain Inhibitors) showed activity towards targets other than p53 (Lama et al., 2022), although the authors did not ascertain whether such altered specificity is due to the MMRi binding to other molecules besides MDM2 or to the multiple targets of MDM2.
Finally, considering the increasing interest in the therapeutic use of the ubiquitination and deubiquitination systems in cancer, including PROTAC and glue degraders (Liu et al., 2024), and the inclusion of MDM2 in these studies (Li et al., 2024; Liu et al., 2024), the details provided in this study about the two peptides' interaction may open new application routes.
Peptides may show some improvement over synthetic drugs (Rossino et al., 2023). The peptides' flexible backbone and the multiple contact points with the target allow them to interact with the protein surface efficiently. This favors higher binding affinities between peptide and target, often translating into a higher potency than small compounds. Furthermore, the natural constituents of the peptides translate into low toxicity (Góngora-Benítez et al., 2014). Finally, they can bind to larger surfaces compared to small molecules, which enables the engagement of so-called ‘undruggable’ targets, such as PPIs (Wang et al., 2022). The reduced cost of small peptide production compared to large proteins is also worth mentioning (Góngora-Benítez et al., 2014).
In summary, detailing the MDM2/MDM4 interaction region has revealed increased opportunities for interacting peptides, widening this region’s therapeutic perspective. These results may guide the development of next-generation heterodimer and MDM2 inhibitors.
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The clusters are numbered according to the output of the original data file. Rows report ligands’ amino acids; rows report clusters; within each cluster, table cells report MDM2 amino acids.
KVFIA (as light gray marked cells) and PWFRW, amino acids (as dark grey marked cells) interact with 13 and 19 MDM2 amino acids, respectively. N433, A434, 1435, K446, C449, T455, G456,
H457, L458, T488, F490 (in white cells) are common to both peptides; K454 and M459 (in pink cells) are unique to KVFIA; L430, P431, V451, M484, V486, L487, Y489, P491 (in cyan cells) are

unique to PWFRW.
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