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In this paper, for the first time, we report on in silico based development of Mdm2 and Pirh2 promiscuous binding small 

molecule modulators. The methodology involved, capturing the important Mdm2 and Pirh2 interacting residues of p53 

TAD and TET respectively, from the literature, protein-protein docking and molecular dynamics simulation studies. The 

knowledge of important residues delineated was used as the benchmark for the design of Mdm2 and Pirh2 focused ligand 

libraries; obtained by pharmacophore based screening of 3.9 million compounds deposited in MMsINC® database. This 

was followed by 2D fingerprint similarity based filtering of focused ligand libraries with respect to known reference set of 

Mdm2 inhibitors, which further confined the chemical space to 608 molecules. These included 365 Mdm2 like small 

molecule mimetics of p53 TAD and 243 Mdm2 like small molecule mimetics of p53 TET. Docking iterations with 

respective targets and reverse docking resulted in twelve potential best fit molecules that showed favourable binding 

interactions with both Mdm2 pDB and Pirh2 CTD. The quality of docking protocol was assessed by using experimentally 

determined IC50 values of the known 213 Mdm2 inhibitors and their docking scores with a set of statistical measures 

which showed good correlations.  

Introduction 

Functionally active homotetrameric p53 is a powerful suppressor of 

tumorigenesis. It serves as an epitome in the present scenario of 

cancer research due to its unprecedented role as the guardian of 

genome. p53 serves as the hub for several regulatory pathways 

involved in apoptosis, DNA repair, senescence, angiogenesis and 

regulation of cell cycle1.  Several reports indicated that, nearly all 

cancer types essentially have either non-functional mutant p53 

(~50% of human cancers)2 or relatively high levels of E3 Ubiquitin 

(Ub) protein-ligases, which serve as negative regulators of wild type 

p533,4. In the later case, p53 levels, in concept can be restored by 

inhibiting its interactions with E3(Ub)-ligases. Hence, the role of 

p53 induced E3(Ub)-ligases as oncoproteins have been widely 

acclaimed as rational anticancer therapeutic targets. E3(Ub)-ligases, 

primarily murine/human double minute 2 (Mdm2/Hdm2) act by 

facilitating ubiquitylation and proteasomal degradation of p53.  

In the recent times, there is a growing interest in the research 

fraternity for identifying small molecule Mdm2 inhibitors, which 

serve as promising anticancer agents and is progressing fast. Nutlins 

(cis-imidazoline analogs) are the first in class, potent inhibitors of 

Mdm2, identified by screening library of diverse synthetic 

compounds5. Owing to their non-genotoxic effects while maintaining 

potent inducer of apoptosis, Nutlin class of molecules marks as one 

of the interesting and promising anticancer agents.  Later on, a series  

of new Mdm2 inhibitors such as, spiro-oxindole6,7,  

benzodiazepinedione analogues8,9, etc. were identified which are 

having similar binding mode as the Nutlins (Supplementary Fig. S1).  

Apart from Mdm2, similar p53 inducing E3(Ub)-ligases which 

regulate p53 levels roughly similar to Mdm2 have been deciphered. 

Pirh2 (p53-induced RING-H2 domain containing protein) is one of 

the several new p53 inducing E3(Ub)-ligases discovered recently, 

known to play an apparent secondary role in modulating p53 

levels10,11. Additionally, COP1, E6-AP, TOPORS, ARF-BP1, 

synoviolin and E4F1 reportedly also promote ubiquitin mediated 

degradation of p5312,13. However, their detailed mechanisms still 

remains elusive. With the exception of Mdm2, discoveries of new 

E3(Ub)-ligases in the light of p53 interactome add more complexity 

to the p53 degradation pathways13,14. One plausible reason for the 

physiological requirement of such multiple ligases in the mammalian 

cells is to maintain steady state levels of p53; if one of them turns 

functionally compromised or deleted15. This hypothesis was 

supported by the conclusions made from earlier studies (review from 

Brooks et al., 200616),  which revealed that inhibitors of Mdm2 alone 

are not sufficient to rescue p53 from degradation by proteasome. 

Therefore, there is a strong need to develop promiscuous binding 
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inhibitors of multiple p53 inducing E3(Ub)-ligases, which may 

exhibit synergistic effect on p53 stabilization and thereby cancer 

suppression. The 3D atomic coordinates of two E3(Ub)-ligases, 

namely Mdm2 and Pirh2 are now available in the RCSB Protein 

Data Bank (PDB). A pictorial overview of the residues/regions  

elucidated by several experimental groups10,14,17–20 for Mdm2, Pirh2 

and p53 interactions is shown in the Supplementary Fig. S2.  

Structure based virtual screening (SBVS) has gained a prominent  

spot in the recent scenario particularly in early stage of drug 

development process wherein, the large databases of natural and/or 

synthetic product libraries are screened in silico against a defined 

region of therapeutically important target.21–24 Exploration of 

“druggable” hot spot regions in the novel biomolecular targets, and 

rapid virtual screening of large chemical databases using 2D- 

fingerprint and/or 3D- pharmacophore similarity based methods, 

often in concert with molecular docking simulations would leverage 

drug development process in a cost-effective manner.25–28 In the 

present study, an attempt was made to design small molecule 

modulators which show promiscuous binding to multiple p53 

E3(Ub)-ligases, in particular Mdm2 and Pirh2 using advanced 

computational tools.  

Experimental 

Modelling full length structure of Pirh2  

The solution state NMR structures of three distinct domains of 

Pirh214viz., N-terminal domain (NTD)/p53 Binding Domain (pBD), 

RING-H2 domain and C-terminal domain (CTD) (UniProtKB 

sequence ID: Q96PM5; RCSB PDB IDs: 2K2C, 2JRJ and 2K2D) 

were used to model full length structure of Pirh2. Build Homology 

Models (MODELER v.9.4) module of Accelrys Discovery studio 3.5 

(Acc. DS 3.5) with default settings was used for modeling. The 

modeled Pirh2 structure was refined using Prime v3.1 of 

Schrödinger LLC29 with the implementation of OPLS 2005 force 

field. This was followed by CHARMM minimization using 400 

steps of steepest decent method and Generalized Born as implicit  

solvent model. The optimized full length structure of Pirh2 was used 

for further in silico studies. 

Docking p53 tetramerization (TET) domain to the CTD of full 

length Pirh2 structure 

Since the structure of Pirh2 complexed with p53 is not available in 

the RCSB PDB, docking simulations were performed specifically for 

TET domain of p53 and CTD of full length Pirh2.  Crystal structure 

of p53 TET domain (PDB ID: 1C26)30 was retrieved from RCSB 

PDB database and prepared for docking using protein preparation 

wizard of Acc. DS 3.5. The prepared p53 TET domain was docked 

to the modelled full length structure of Pirh2 using HADDOCK web 

server protocol v2.131,32. To set the docking constraints, the p53 TET 

interacting residues of Pirh2 CTD (Sheng et al. 2008) were defined 

as active residues, while all other solvent-accessible residues were 

defined as passive residues. To drive the docking simulations, the 

information of user defined docking constraints were converted into 

ambiguous interaction restraints by HADDOCK. The protocol 

follows three stages of docking namely, (a) rigid-body energy 

minimization, (b) semi-flexible refinement and (c) final model 

refinement in explicit solvent. A maximum of 200 water refined 

models obtained in the final stage of docking run were clustered 

using pair-wise main-chain RMSD (Root Mean Square Deviation) 

cut-off of 7.5 and minimum cluster size of 4 as criteria. Several 

clusters were generated. These clusters were ranked based on 

HADDOCK scores calculated on the basis of weighted 

intermolecular energy terms. The two best refined models each from 

highest ranked cluster and the largest cluster among total clusters 

obtained from docking run were used as HADDOCK representative 

structures. 

Molecular Dynamic (MD) simulations of Mdm2 pBD-p53 Trans  

Activation Domain (TAD) and HADDOCK representative 

models of Pirh2 CTD-p53 TET complexes 

MD simulations were performed until 6 ns for two HADDOCK 

generated representative Pirh2 CTD-p53 TET docked complexes  

viz., or1, or2, obtained each from cluster 1 and cluster 2 respectively, 

and also for Mdm2 pBD-p53 TAD co-crystal structure (PDB ID: 

1YCR17). Simulations were performed using GROMACS version 

4.5.433 with the implementation of the CHARMM27 forcefield34.  

The complexes were solvated using Simple Point Charge (SPC) 

water molecules in an octahedron box with periodic boundary 

conditions. The positively charged system was neutralized by adding 

chloride ions as counter ions. Long range electrostatics was 

calculated using Particle Mesh Ewald summation with 10 Å cutoff 

for columbic interactions35. Energy minimization was performed 

using steepest descent algorithm with a tolerance of 1000 KJ mol-1  

nm-1. The atomic positions of the complexes were restrained and the 

system was equilibrated in NVT (isochoric-isothermal) ensemble for 

100 ps at 300K temperature. This was further extended to another 

200 ps in NPT (isobaric-isothermal) ensemble or until the pressure 

was maintained at 1.0 bar. After equilibrating the system, the 

position restraints were released and subjected to 2 ns (1 million 

steps) of production run using a time step of 2 fs. The trajectories 

were saved every 800 steps and analyzed using GROMACS tools. 

Cluster analysis was performed for all MD trajectories (3 – 6 ns) 

using Gromos method36 with backbone atoms RMSD cutoff of either 

0.1 or an arbitrary number was chosen such that the total clusters 

obtained should be less than 100. Middle structures which belonged 

to the largest clusters were chosen as the representative of each MD 

trajectory for further in silico  studies. All the 3D structures were 

rendered using PyMol (http://www.pymol.org/).  

Rational design of promiscuous Mdm2 and Pirh2 binding 

ligands 

Screening based on 3D pharmacophore models of p53 residues  

interacting with Mdm2 and Pirh2 

The 3D structures of E3(Ub)-ligase interacting residues of p53 such 

as TAD (F19, W23 and L26) and TET (L330, M340, F341 and 

L344) belonged to Mdm2_p53_5562ps and Pirh2_p53_or2_5950ps 

complexes (obtained from cluster analysis of MD frames) 

respectively (See Fig. 5a and Fig. 5c in the results and discussion 

section), were used as the templates for pepMMsMIMIC, a web-

based 3D peptidomimetic compound virtual screening tool37. The 

pepMMsMIMIC web server was earlier used for the design of non-
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peptide small molecule hit candidates for hFSHR-ECD38. The 

pharmacophore models generated based on input residues of each 

p53 peptide stretch were used to screen against library of 17 million 

conformers obtained from 3.9 million commercially available 

chemical structures present in MMsINC® database39. 

The pepMMsMIMIC web server employs five types of scoring 

methods to improve the selection of ligands viz., 1) fingerprint based 

filtering of shape similarity 2) based only on shape similarity and 3) 

based only on the pharmacophoric similarity 4) shape based filtering 

of pharmacophoric similarity 5) hybrid search (60% 

pharmacophoric, 40% shape). Each scoring method was designed to 

deliver top 200 small molecule peptide mimetics along with 

similarity scores. Thus Mdm2 and Pirh2 focused libraries each 

contained 1000 small molecule peptidomimetics were retrieved 

using 3D atomic coordinates of p53-TAD and p53-TET residues.  

Fingerprint based similarity searching using 2D similarity 

coefficients  

In general, compounds which share maximum structural and 

physicochemical similarities are more likely to exhibit similar 

pharmacological properties. Therefore, to reduce chemical space 

disparity with the known Mdm2 inhibitors, the focused Mdm2 and 

Pirh2 ligand libraries retrieved from 3D screening protocol were 

filtered to obtain sub-libraries that share maximum fingerprints or 

structural similarities with the reference Mdm2 inhibitors. A list of 

32 2D structures of such reference inhibitors are shown in the 

Supplementary Fig. S3. 

Using four 2D similarity coefficients viz., Tanimoto, Dice, Cosine 

and Target (with fingerprints: FPFC_6) implemented in Acc. DS 3.5 

and a similarity cut-off score of 0.3, molecules in the focused 

libraries were further screened. 

Ligand preparation for docking 

The Mdm2 and Pirh2 focused sub-libraries retrieved from fingerprint 

based screening protocol were prepared for docking using Prepare 

Ligands protocol of Acc. DS. 3.5. The non-redundant ligands from 

each focused library were discerned, separated and prepared at pH 

6.5-8.5 to generate their possible ionisation states. 

Docking based virtual screening and high flexible docking of small 

molecule peptide mimetics 

Two steps docking protocol (virtual screening and selection of best 

fit molecules) was carried out independently for the prepared Mdm2 

and Pirh2 focused libraries. GOLD v5.240,41 was used for 

aforementioned docking exercise. E3(Ub)-ligases were prepared for 

docking by detaching p53 peptides from both complexes viz. 

Mdm2_p53_5562ps and Pirh2_p53_or2_5950ps which are extracted 

from MD trajectory. No further protein preparation (adding polar 

and non-polar hydrogen atoms, including those necessary to define 

the correct ionization and tautomeric states of residues) was needed, 

since the structures were found to be optimized. The binding sites in 

the Mdm2 and Pirh2 were defined by picking Cβ  of I99 and Cγ of 

H52 respectively, as the centroid atoms and the binding site radius  

was set to 15 Å, so as to encompass all the important residues. 

Docking accuracy was set to 30% for virtual screening, while default  

settings were used for selection of best fit molecules. Top ranked 

solutions obtained from each genetic algorithm run were shortlisted 

based on highest number of interactions with important residues and 

GoldScore_Fitness. An overview of methodology followed for 

rational design of Mdm2 and Pirh2 promiscuous binding ligands has  

been illustrated as flowchart in the Fig. 1.  

 
Figure 1. Flow chart illustrating the methodology followed for 

rational design of promiscuous binding Mdm2 and Pirh2 hits using 

in silico approach. 

 

Results and discussion 

Reports from biochemical and protein-protein interaction 

experiments conducted earlier revealed strong binding affinity of 

Pirh2 CTD towards p53 TET14. Therefore, in silico structure based 

studies were carried out for CTD of modeled full length Pirh2 
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structure and p53 TET, in order to understand their binding modes. 

As the co-crystal structure of p53 TET-Pirh2 CTD complex is not 

available in the RCSB PDB, docking studies were performed for 

CTD of modeled Pirh2 and p53 TET using HADDOCK 2.1 web 

server. Post docking, HADDOCK clustered 169 Water Refined 

Models (WRMs) among a maximum of 200 WRMs in 8 clusters, 

which represents 84.5 % of the total WRMs generated. These 

clusters were ranked based on HADDOCK scores calculated on the 

basis of weighted intermolecular energy terms. Of the 8 clusters 

generated, cluster 1 had highest cluster size (66) whereas, cluster 2 

had lowest mean HADDOCK score (-119.5 +/- 14.3). Results of 

other parameters evaluated for cluster 1 and cluster 2 are shown in 

Table 1. Examination of superimposed representative models of top 

2 ranked clusters revealed two possible binding orientations for p53 

TET viz., or1 (cluster 1) and or2 (cluster 2) (Fig. 2). To evaluate the 

stability of these representative models, along with Mdm2-p53 

complex (PDB ID: 1YCR), MD simulations were carried out until 6 

ns. 

Table 1. Parameter values calculated for HADDOCK generated top 

two ranked clusters of Pirh2-p53 TET docked complexes 

Parameters Cluster 1 Cluster 2 

HADDOCK score -82.9 +/- 5.0 -119.5 +/- 14.3 

Cluster size 66 38 

RMSD from the overall 

lowest-energy structure 
4.4 +/- 0.2 1.2 +/- 0.7 

Van der Waals energy -78.9 +/- 8.9 -92.0 +/- 3.8 

Electrostatic energy -387.9 +/- 106.4 -401.3 +/- 59.5 

Desolvation energy 6.8 +/- 5.4 -9.0 +/- 8.1 

Restraints violation 

energy 
668.0 +/- 75.13 617.8 +/- 22.28 

Buried Surface Area 2513.0 +/- 108.3 2638.0 +/- 91.4 

Z-Score -0.9 -2.1 

 

Figure 2. Illustration of two possible binding modes or orientations 

of p53 TET viz., or1 (cluster 1) and or2 (cluster 2) predicted by 

HADDOCK 2.1 protocol. 

 

Multiple frames were extracted from the beginning, middle and at  

the end of each MD trajectory. Structural analysis of these multiple 

frames displayed at different time intervels indicated relatively less  

main chain fluctuations in Mdm2 pBD-p53 TAD (Fig. 3a) and Pirh2 

CTD-p53 TET or1 (Fig. 3b) complexes as compared with Pirh2 

CTD-p53 TET or2 complex. Higher fluctuations in the terminal loop 

regions was observed in Pirh2 CTD-p53 TET or2 complex (Fig. 3c). 

However, middle region of Pirh2 CTD and p53 TET or2 proteins 

exhibited relatively lower fluctuations which are evident from RMSF 

plots (Fig. 4f and Fig. 4h).  

Furthermore, parameters such as main-chain (N, Cα, C) Root Mean 

Square Deviation (RMSD), Rg (Radius of gyration), distance, H-

bonds and residue-wise average Root Mean Square Fluctuation 

(RMSF) were ploted to verify the stability of complexes with respect 

to time (Fig. 4a-h). A relatively stable trend in RMSD, Rg, distance 

and number of H bonds was observed in case of Mdm2-p53 complex 

as compared with  Pirh2 CTD-p53 TET or1 and Pirh2 CTD-p53 

TET or2 complexes. The Pirh2 CTD-p53 TET or1  complex was  

seen fluctuated with a maximum RMSD of 0.5 nm. On the other 

hand, an increasing RMSD trend in Pirh2 CTD-p53 TET or2

 

Figure 3. Graphical representation of the multiple complexes (a) 

Mdm2 pBD-p53 TAD, (b) Pirh2 CTD-p53 TET or1 and (c) Pirh2 

CTD-p53 TET or2 complexes) obtained during MD simulations over 

time. Multiple frames were rendered using VMD 1.9.2 from the 

beginning of the trajectory in red (0.0-0.1 ns), at the middle in white 

(2.9-3.0 ns), and at the end in blue (5.9-6.0 ns). 

 

 trjectory was observed till the end of the simulation time, which was  

due to the fluctuating terminal loop regions (Fig. 4a). Interestingly, 

Rg which is a measure of structural compactness, was found to be 

relatively low in case of Pirh2 CTD-p53 TET or2 indicating p53 

TET or2 maintained higher number of contacts with Pirh2 CTD as 

compared with Pirh2 CTD-p53 TET or1 (Fig. 4b). Additionally, the 

distance between Pirh2 CTD and p53 TET or2 in case of Pirh2 CTD-

p53 TET or2 was found on par compared with the distance between 

Mdm2 and p53 after 3.5 ns till the end of the simulation (Fig. 4c).  

Moreover, on an average, Pirh2 CTD formed eight H bond contacts 

with p53 TET or2 whereas, six H bond contacts were formed with 

the p53 TET or1 during the course of MD simulat ion. The  average 

number of H bond contacts between Mdm2 and p53 during the 

course of MD simulation was found to be four which remained intact  

untill the end of the simulation time (Fig. 4d). Residue-wise average 

RMSF plots indicated that the labeled interface residues (Fig. 4e-h) 

showed least fluctuations and maintained regular noncovelant  
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contacts throughout the simulations. As opposed to the RMSD 

trends, the average residue wise RMSF of Pirh2 and p53 during 

simuations was found to be lower in case of Pirh2 CTD-p53 TET 

or2 as compared with or1 complex. Clustering Mdm2-p53 MD 

trajectory frames using RMSD cutoff of 0.10 generated 79 clusters, 

of which the largest cluster had 268 structures. While clustering  

Pirh2_p53_or1 trajectory generated 59 clusters using a RMSD cutoff 

of 0.17 and the largest cluster had 202 structures. Furthermore,  

clustering  Pirh2_p53_or2 trajectory generated 85 clusters using 

RMSD cutoff of 0.15 and the largest cluster had 128 structures.   

Middle structures belonged to the largest clusters viz., 

Mdm2_p53_5562ps, Pirh2_p53_or1_5916ps and 

Pirh2_p53_or2_5950ps were chosen as the representatives of each 

MD trajectories for further in silico studies. Analysis of interacting 

interface residues (Mdm2 pBD: L54, Y67, H96; p53 TAD: F19, 

W23, L26; Pirh2 CTD: H52, L54, Y64; p53 TET: L330, M340, 

F341, L344) of the representative MD structures (Fig. 5a-c) and their 

corresponding RMSF plots revealed minimal fluctuations during 

MD simulations (Fig. 4e-h). Except RMSD, the trends of MD 

parameters such as, distance, Rg, H Bonds and RMSF of Pirh2 

CTD-p53 TET or2 complex were superior as compared with Pirh2 

CTD-p53 TET or1. Therefore, the representative 3D structure of the 

former complex i.e. Pirh2_p53_or2_5950ps along with 

Mdm2_p53_5562ps were further utilized for ligand screening 

exercise. The Mdm2 pBD and Pirh2 CTD residues were further 

analysed for evolutionary conservation based on the phylogenetic 

relations between the non-redundant homologous sequences of 

UniRef90 database.42 As expected, the p53 interacting interface 

residues viz., L54, Y67, H96 and H52, L54, Y64 of Mdm2 pBD and 

Pirh2 CTD respectively, are highly conserved which further fortify 

their functional importance in p53 binding (Fig. 6). Furthermore, the 

Pirh2 CTD residues identified to be crucial for p53 ubiquitylation 

based on previously reported in vitro biochemical studies14, the 

evolutionary conservation  of select Pirh2 residues reported herein 

will further refine our understanding about their functional 

importance, which can be utilised for target specific ligand 

identification.  

 

Figure 4. Analysis of MD parameters such as, (a) main chain RMSD (b) Rg (c) distance (d) H bonds (e) residue wise average RMSF plot for 

Mdm2 (f) residue wise average RMSF plots of Pirh2 in the Pirh2 CTD-p53 TET or1 and Pirh2 CTD-p53 TET or2 complexes (g) residue 

wise average RMSF plot of Mdm2 binding p53 TET domain and (h) residue wise average RMSF plots of p53 in the Pirh2 CTD-p53 TET or1 

and Pirh2 CTD-p53 TET or2 complexes.
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Figure 5. Analysis of protein-protein interactions in the representative middle structures viz., (a) Mdm2 pBD-p53 TAD_5562ps, (b) Pirh2 

pBD-p53 TET_or1_5916ps and (c) Pirh2 pBD-p53 TET_or2_5950ps complexes extracted from the largest clusters obtained from clustering 

of MD trajectory frames. The labelled Pirh2 CTD residues are numbered as per NMR structure, RCSB PDB ID: 2K2D. 

 

 

Figure 6. Sequence conservation analysis for 3D structures of 

Mdm2 pBD and Pirh2 CTD and their p53 binding sites. The amino 

acid residues are colour coded according to the sequence 

conservation. The residues important for p53 binding which also 

showed high degree of conservation are labelled.  

Rational design of promiscuous binding ligands for Mdm2 and 

Pirh2 

Mdm2 and Pirh2 focused library designed based on 3D 

pharmacophore models of p53 TAD and TET residues 

Five scoring methods (described in Methods) implemented in 

pepMMsMIMIC web server were used to create Mdm2 and Pirh2 

focused libraries.  Top 2000 molecules (200 molecules per each 

scoring method) from 3.9 million commercially available chemical 

structures present in MMsINC® database were retrieved using 

pepMMsMIMIC web server based on the pharmacophore models 

generated for p53 TAD and TET  residues.  

Screening based on 2D fingerprint similarity with reference Mdm2 

inhibitors  

In order to refine the above focused libraries, four 2D similarity 

coefficients (see methods) and a similarity cut-off score of 0.3 was 

used to screen structurally similar ligands against 32 experimentally 

tested reference Mdm2 inhibitors. Summary of number of most 

similar molecules retrieved from 3D pharmacophore and 2D 

similarity search protocols are shown in Table 2 and Table 3. The 

most similar ligands thus obtained were further curated to remove 

redundant structures. The total size of the focused libraries was 

therefore reduced from 2000 to 608 non-redundant structures 

(Mdm2 focused - 365 Mdm2 like small molecule mimetics of p53 

TAD and Pirh2 focused -243 Mdm2 like small molecule mimetics of 

p53 TET). 

Table 2. Summary of the scores of most similar ligands with respect to Mdm2 pBD binding p53 residues and number of Mdm2 inhibitor like 

molecules retrieved using 2D similarity coefficients 

Sl. 

No. 

Scoring functions implemented 

in pepMMsMIMIC web server 

Molecules with 3D pharmacophore 

similarity scores (range) with respect 
to  with p53 TAD residues 

(Trp23, Phe19, Leu26) 

Number of molecules retrieved using minimum 2D 

similarity coefficient cut-off score of 0.3 with respect 
to reference Mdm2 ligands  

Tanimoto Dice Cosine Target 

1 Fingerprint-based filtering of 

shape similarity 

0.86-0.77 4 29 29 52 

2 Based only on shape similarity 0.89-0.83 0 51 53 89 

3 Based only on pharmacophore 
similarity 

1.00 2 132 133 107 

4 Shape based filtering of 

pharmacophoric similarity 

1.00-0.39 2 91 91 106 

5 Hybrid Search (60% 

pharmacophoric, 40% shape) 

0.88-0.73 2 131 132 103 
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Table 3. Summary of the scores of most similar ligands with respect to Pirh2 CTD binding p53 residues and number of Mdm2 inhibitor lik e 

molecules retrieved using 2D similarity coefficients 

Sl. 

No. 

Scoring functions implemented 

in pepMMsMIMIC web server 

Molecules with 3D pharmacophore 

similarity scores (range) with respect 

to  p53 TET residues (Leu330, 

Phe341, Leu344, Met 340) 

Number of molecules retrieved using minimum 2D 

similarity coefficient cut-off score of 0.3 with respect to 

reference Mdm2 ligands 

Tanimoto* Dice Cosine Target 

1 Fingerprint-based filtering of 
shape similarity 

0.84-0.74 16 39 40 68 

2 Based only on shape similarity 0.89-0.82 20 37 39 70 

3 Based only on pharmacophore 

similarity 

0.78-0.35 3 12 13 47 

4 Shape based filtering of 
pharmacophoric similarity 

0.78-0.30 4 14 14 59 

5 Hybrid Search (60% 

pharmacophoric, 40% shape) 

0.70-0.44 4 16 16 71 

* In this case, the minimum Tanimoto coefficient cutoff score of 0.2 was used.  

 

Best fit molecules identified based on docking based virtual 

screening, high flexible docking and reverse docking. 

Docking simulations was carried out for the selection of best fit 

molecules that could bind to both Mdm2 pBD and Pirh2 CTD. Two 

steps docking protocol, initially for screening and later for selection 

of best fit molecules was carried out. The non-redundant Mdm2 and 

Pirh2 focused libraries obtained from 3D and 2D virtual screening 

were docked to respective E3(Ub)-ligases. The 100 best molecules  

were selected from each docking exercise (Mdm2 and Pirh2 

separately, total 200 best molecules) based on GoldScore_Fitness 

cutoff of 50 as the criteria. The above docking exercise was repeated 

using high flexible mode (default) of Gold docking algorithm for the 

above shortlisted molecules. Based on highest number of 

nonbonding interactions with the p53 interacting residues of Mdm2 

pBD and Pirh2 CTD along with minimum steric clashes, top 

molecules (20 molecules each for Mdm2 and Pirh2) were further 

shortlisted from each docking output.  

In the final stage of in silico work flow, reverse docking was carried 

out i.e. shortlisted “Mdm2 pBD docked ligands” were docked to 

Pirh2 CTD and vice-versa, using high flexible mode of GOLD 

docking algorithm. Finally, the 12 best fit molecules were selected 

based on highest GoldScore_Fitness and interactions with important 

p53 binding residues of Mdm2 pBD and Pirh2 CTD.  

The 3D pharmacophore shape similarity scores, 2D fingerprint 

similarity scores and GoldScores of the identified Mdm2 and Pirh2 

promiscuous binding best fit ligands are summarised in the 

Supplementary Table S1. The 2D chemical structures and the poses 

of the twelve best fit molecules binding to both Mdm2 pBD and 

Pirh2 CTD are showed in the Fig. 7 and Fig. 8. 

 

Figure 7. 2D structures and chemical names of identified best fit molecules for Mdm2 pBD and Pirh2 CTD.
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Figure 8. Poses of twelve best fit ligands that bind to p53 TAD and TET interacting regions of Mdm2 pBD and Pirh2 CTD, respectively 

predicted by GOLD docking algorithm. The best fit ligands were shown as yellow carbon sticks whereas the Mdm2 pBD and Pirh2 CTD 

were showed as surface representation. Interacting residues were rendered as transparent sticks. 
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Validation of docking protocol 

The docking protocol was validated using 213 compounds whose 

IC50 values were experimentally determined for their potential to 

bind to Mdm2 (Supplementary Table S2). Of the 213 compounds, 95 

had IC50 values <1,000 nM, and hence were considered actives (true 

positives) and the remaining 118 compounds whose IC50 values  

were >1,000 nM, thus considered inactives (true negatives). The 3D 

structures of the above compounds were obtained from BindingDB 

database43 and docked to Mdm2 pBD using GOLD. Using an 

arbitrary GoldScore_Fitness cut-off of 50, the docking algorithm 

correctly predicted 80 of the 95 actives as True Positives (TP) and 

74 of the 118 inactives as True Negatives (TN). 44 of the inactives 

and 15 of the actives were wrongly predicted as False Positives (FP) 

and False Negatives (FN), respectively (Fig. 9). The above data was 

used to calculate (a) sensitivity, (b) specificity, (c) precision and (d) 

accuracy of the docking protocol. The sensitivity, specificity, 

precision and accuracy of the docking protocol were found to be ~ 

0.8, 0.6, 0.6 and 0.7 respectively. Furthermore, Matthews 

Correlation Coefficient (MCC) and Cohen’s kappa (κ) index were 

calculated to assess the prediction quality of GOLD docking 

algorithm. The MCC and κ were found to be ~ 0.5. The results of all 

the above statistical measures indicated a good correlation between 

experimental IC50 values and Goldscore_Fitness, and therefore the 

quality of docking protocol.   

 

Figure 9. Plot of experimentally determined log IC50 values of 213 

compounds versus their GoldScore_Fitness predicted for Mdm2 

pBD binding. 

 

Conclusions 
In the current study, for the first time, an attempt was made to design 

Mdm2 and Pirh2 promiscuous binding small molecule ligands using 

the knowledge of important Mdm2 and Pirh2 interacting p53 

residues obtained from the biochemical findings reported in the 

literature, protein-protein docking and MD simulation studies. 

Focused ligand libraries consisting of 608 molecules with confined 

chemical space were designed based on the 3D pharmacophore 

shape similarity to the important residues of p53 TAD and TET and 

2D similarity to reference set of Mdm2 inhibitors. These included 

365 Mdm2 like small molecule mimetics of p53 TAD and 243 

Mdm2 like small molecule mimetics of p53 TET. Docking 

simulations with respective targets and reverse docking using 

GOLD, resulted in twelve potential best fit molecules that showed 

favourable binding interactions with both Mdm2 pDB and Pirh2 

CTD. The GOLD docking algorithm was validated using 

experimentally determined IC50 values of 213 known compounds 

and their docking scores.  The results of statistical measures  

calculated viz., sensitivity, specificity, precision, accuracy of the 

docking protocol; additionally, MCC and κ index indicated a good 

correlation between experimental IC50 values and Goldscore_Fitness. 

In conclusion, the in silico designed promiscuous E3(Ub)-ligases  

binding hit candidates would be further complemented with in vitro 

experimental testing to corroborate their binding promiscuity 

towards E3(Ub)-ligases and to establish the proof-of-concept which 

is under way in our laboratory. It has been reported that the 

persistent use of Mdm2 inhibitors alone may result in tumor 

resistance4, therefore these potential promiscuous binding hit 

candidates may be highly desirable and could find applications in the 

treatment of cancer.   
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Graphical Abstract 

 

Twelve promiscuous binding p53 inducing E3(Ub) ligases (Mdm2 

and Pirh2) hit candidates have been identified by structure based 
virtual screening  
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