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ABSTRACT

The Murine Double Minute 2 (MDM2) protein is a crucmegative regulator of the tumor suppressor p53 molecule. In order to restri
p53 functioning, MDM2 molecules are overproduced in many human tumors. Thus, reactivating p53 in cancer cells usirg inhitk
disrupting p53VIDM2 binding, can offer an effeste approach for cancer therapy. Recently a photoactivatable MDM2 inhibitor,
photoremovablgrotecting group (PPG) in complex with idasanutlin has been reported to exert no functional effect on cell
outgrowth but allows for the selective, nmvasiveactivation of antitumor properties due to the release of active inhibitor idasanutli
from the complex upon irradiation with 400 nm light. In this study, using molecular docking and Molecular Dynamics (Mat)asisul
we have investigated the interactioin(i) PPGidasanutlin complex and (ii) the active inhibitor idasanutlin with MDM2 at the moleculal
level. Wenoticedthatthe PPGidasanutlin complex fails to fit into the binding cavity of MDM2. But the active inhibitor idasanutlin
when it is free fronPPG was found to fit perfectly into the binding cavity of MDM2. From the Dictionary of Secondary Structure
Proteins (DSSP) anal ysi shelicesewhi¢haid indhe stabibityt of drotem, ware foune to bearfore id the
MDM2-idasanutn complex rather than in the MDMRPGidasanutlin complex. Using the PDBsum server, we have compared th
interaction profiles of MDMZPPGidasanutlin, MDM2idasnautlin and MDMz253 complexes. From the interaction profile, we found

the active inhibitor,dasanutlin free from PPG twnd to theregion inMDM2 where p53 prefers to bindOur findings from this study
would shed light on designing more potent photoactivatable MDM2 inhibitors.
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1. INTRODUCTION

At present, cancer is one of the most dominant caus
death across the world. Many different types of cancer treat
have been developed, but the type of treatment that an indiv,
receives depends solely on two factors: (i) the type of cancel
(i) the stage of cancer. These treatments can be either in a
formulation or in a combination, such as immunotherapy, targ
therapy, hormone therapy, and the most common method: su
with chemotherapy and/or radiation therapy. But these met
come with certain drawbacks, wherein the inherent toxicity
the associated adverse effects account for the majority of
drawbacks in cancer chemotherapy. To overcome the prob
concerning these selectivity issues, the focus has been now s
to exploring the targeting pathways that are exclusive for cal
cells [1-3]. Therefore targeting the cancer egflecific protein
protein interactions (PPIs) is an effective strategydontrolling
these cellular pathwayshence paving a way for a refwargeting
strategy in anticancer treatment.

One of the most targeted proteins in developingearicer
therapy is p53, which functions as tumor suppressor protein al
well-known to exhibit a variety of PPIs. It plays an important r
in many ceHregulating pathways like DNA repair, apoptosis, g
cycle control, and cellular stress responses [4,5]. p53,
activated by different kinds of stresses, can drive cell
senescence and at times leading to apoptosis. This properf]
deep involvemenin cancer treatment because the upregulatio
p53 protein expression cadnstigate senescence or apoptosis
thecycling cells [69].

The Murine Double Minute 2 (MDMZ¥s an E3 ubiquitin

cs simtifan; active inhibitor idasanutlin.

j:tlmé p53 protein activity. The mechanism of repression includes the

émeraction of MDM2 with p53 by promoting its ubiquitination
dfgdlowed by subsequerdegradation by the proteasome {12).
artte other two mechanisms by which MDM2 inhibits pS8wity
sirggke either by directly binding to and blocking thetdximinal
ptirdnscriptional activation domain of p53 or by promoting the
roexport of p53 from the nucleus to the cytoplasm [13]. This
naggulation of the PPI between p53 and MDM2 can play a vital role
and the development of anticancer drugs.
the  Recently, many classes of chemical compounds have bee
lefognd to be effective as MDM2 antagonists, including Nutlin
hifigde Compounds, Imidazoles, Imidazothiazoles,
nd@enzodiazepines, Spirooxindoles, Isoindolones, In@ele
Carboxylic Acid Derivatives, Pyrrolidinones, Pyrrolidines,
Isoquinolines and Piperidinones, Peptides and some miscellaneol
compounds [14]. The antagonist that shows the maximum numbe
of van der Waals interactions with MDM2 will effectively be able
to inhibit the PPl between MDMP53 [15]. Among the
narisntioned compounds, ntlins have been found to be the mos
bleffective in modulating the tumorsuppressing pathway of p53
ell16-18]. This function is achieved by the binding of MDM2 to
heb3, because of which the gpeolytic breakdown of p53 gets
ilarhibited. Once p53 gets stabilized, it stops the rapid cell division,
v leading to cell senescence [8].
n of Photopharmacological strategies [19,20] can be introducec
infor (i) increasing the selectivity of certain MDM2 inhibitoemnd
(i) making them involved as research tools todemstand
MDM21 p53 i nlh ehotapharmacotogical strategies, a

protein ligaseMDM2 is well studied aghe primary repressor of

drug can be modified with a photoswitch [19,20], or
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photoremovablgrotecting group (PPG) [223]. The functioning
of a PPG include protecting thefunctional group inthe
pharmacophore and exhibiting selective ligiggered activation.
Ideally, a photo protected drug remains in an inactive s
However, when photactivated, the active drug is liberate
[24,25].

Recently, Hansenand his group [26] described th
photoactivation of the photoactivatable MDM2 inhibitor PP
idasanutlin in hindering the binding of MDM2 and p53. Th

2. MATERIALS AND METHODS

The 3D structure of MDM2 bound to the transactivati
domain of p53 protein (PDB ID: 1YCR) was obtained from
RCSB Protein Data Bank (PDB) [27]. The structure was t
visualized using the UCSF Chimera software v.1.13.1 [28] and
MDM2 protein from he MDM2-p53 complex was separated a
was saved as a new file. TheD3 structure of idasanutlin
(PubChem CID: 53358942), the inhibitor molecule, was procy
from the PubChem server [29] in SDife formatand then PDB
file format for the same was obtainesingthe open Babel onling

reported that idasanutlin, when bound to a PPG cannot block th
interaction between MDM2 and p53, leagliio p53 degradation.

But the release of the active inhibitor idasanutlin from the
afePGidasanutlin complex in a ligtitiggered manner (upon 400
2dnm irradiation) prevents the interaction between MDM2 and p53,

resulting in either senescence or cell dea?].[ Here, we
edemonstrate the molecular interaction profile of MDM2 w(ih
GPPGidasanutlin complex and (ii) the active inhibitor idasanutlin
eyfree from PPG).

bnThen the charges on each of these three systems have be
heeutralised by adding theounterions, followed by thesolvation
hersing threesite transferrable intermolecular potential (TIP3P)
thvater molecules in aubicalbox with a buffer size of 10 A from
ndhe solute in X, y, and-axis.

Next, the solvated structures were subjected to thestem
reshergy minimization process (to remove bad contatist
includes500 step®f steepest descent (SBiethodby holding the
solute with restrainfollowed by another 500 steps conjugate

server [30]. The photprotective group (PPG) was designed in thgradient (CG) methodithout any restraint on the solut@uring

MolView online server [31] and then saved in mol formdhe
mol format of PPG was thaonverted to pdfile format using the
open Babel online server. Idasdimuand PPG were then joine
using the ArgusLab visualization software v.4.0.1 [32], follow
by the energy optimization of the PR@asanutlin complex by thg
UFF (universal force field). The complex was saved in mol for
initially and thenconverted topdb file format using the oper]
Babel online server.

The PatchDock web server [33] was used to prepare
MDM2-idasanutlin and MDMZPPGidasanutlin complexesthe
geometric surface docking algorithm is the working principle
the PatchDock serveithe unwanted models have been filten
out based on thelustering rootmeansquare deviations (RMSD
[34] value of 1.5 ATen model complexes of MDM@lasanutlin
and MDM2PPGidasanutlin have been obtained from the
PatchDock welserver. Based on the higst surface area and th
lowest atomic contact energy, the best docked model of
MDM2-idasanutlin and MDMZPPGidasanutlin complex werg
selected for the study.

The MD simulation study on three systems: (i) MDN
(Apo), (ii) MDM2-idasanutlin, andiii) MDM2-PPGidasanutlin
was then performed using the Assisted Model Building W
Energy Refinement (AMBER) 14 software package [35], wh
ffo9SB force field [36] parameters were used for the protein
of the system, while the ligands (idasanutlin aR@GRdasanutlin)
were treated with the gener g
parameters. The proportionate partial atomic charges of
ligands were fixed with the AMBCC function of the
ANTECHAMBER module [38] of the AMBER14 softwar
package. Using th xLEaP module we have built the initial

the energy minimizatiar8 A was considered as the it for the
nonbonded interactions. The heatidganmicswascarried oufor

d all the systemso reach the temperature gradually frém300 K.
ed@he generated ensemble was then subjected to equilibration fc
> 100 ps using the NPTonditions 800 K and 1 atm pressurg
madthen 40 ns MD production runs were carried out for all three
systems.

During the course of simulations, thperiodic boundary
tbenditions (PBC) and other electrostatic interactions were
maintained using the Particle Mesh Ewald (PME) method [39,40]
afnder isothermal and isobaric conditions, respectively. The
edemperature wasontrolledusing Berendsen thermostat [41,42] to

restrain all the bonds

The stability and dynamics of the three systems were

studied by analyzing their corresponding MD trajectorigsing
ethe PTRAJ (Process TRAJectory) and CPPTRAJ (PTRAJ in C++)
thodules [43] of the AMBER14oftwarepackage. Wéiavealso

2 carried out hydrogenbond analysis for the three systerghile
calculating the number of inter and intreolecular hydrogen

I2bonds in the three systems, we have set the cutoff for the angl
and distance to be 12and 3.5 A respectivelyThe 3D structure

itbf the three systemwere examinedusing the UCSF Chimera

erackage, version 1.13.1 and VMD v.1.9.3 [44].

part Using the RMSD clustering algorithm, the lowest energy
conformers for both the systems: (i) MDNtasanutlin and (ii)
IMDM2eRiPGidabbBUHIR wdretaken feom ythe lhighly (pGokated- )
ttlesters The lowest energy conformererethensubmitted to the
PDBsum server [487] to study the interaction profile (residues

b involved in the interaction, atoms in residues involved in the
interaction, types of bonds, bond lengths, etc.) betwédBi2

requiredcoordinate and the topology files for all the three syste|

3. RESULTS

mand idasanutlin, as well as between MDM2 and fd&Sanutlin.

We have performed MD simulation on three systems] (glgorithm, we have plotted the density, temperature, pressure

MDM2 (Apo), (i) MDM2-idasanutlin, and(ii) MDM2-PPG

potential energy, kinetic energy and total energy of the

idasanutlin. To verify the accuracy of our NPT simulatiomorresponding three systems as a function of the simulation time
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period (as shown irSupplementary Figure $52 S3 and S4

respectively. From the plots, we can see all three systems |
reached the desired temperature (300 K), pressure (1 atm)
density (1 g cd). After equilibration, the three systems wég
subjectél to MD simulation run for 40 nduring the 40 ns of|
simulation time, the three systen{iDM2 (Apo), MDM2-

idasanutlin, and MDMPPGidasanutlin have undergone rapi
change in the conformations as shownFigure 1 2, and 3

respectively. Various structural properties such as root me
square deviation (RMSD), root mean square fluctuation (RMj§
Radius of Gyration (Rg), solvent accessible surface area (SA
number of intramolecular and intermolecular hydrogen bonds,
the secondary structuralements were evaluated separately
the three systems. The RMSD

all three systems as shownhigure 4a For allthe three systemg
we observed RMSD oscillate rapidly till 10 ns of simulation ti

in MDM2 (Apo), MDM2-idasanutlin and MDMZPPGidasanutlin
aand the values were found to be 35.70 + 4.26, 35.4(B% 4nd
8660 + 4.29, respectivelyFigure 5. Figure 6 represents the
rentermolecular hydrogen bond analysis in the case of (a) MDM2
idasanutlin complex, and (b) MDMRPGidasanutlin complex.
The average number of intermolecular hydrogen bonds in (@)
1 MDM2-idasanutlin complex, and (b) MDMRPGidasanutlin
complex was found to be 2 and 4 respectively. Although the
amumber of intermolecular hydrogen bonds in MDM2PG
SHlasanutlin complex was observed to be more than in MDM2
Siasanutlin complex, we noticed thiatasanutlin free from PPG
aactually binds to the region where p53 binflsen we carried out
fathe analysis of the probable secondary structure that each residt
ofrMDphcan adapin ) MPNV2o(Apb)e(i) MDMR ridasariitlina t
, and (iii) MDM2-PPGidasanutlin systas Figure7). FromFigure
m&, we infer that the structure of MDM2 to have more helical

and then found se#ti for the rest of the simulation time. Thecontent in the presence of active inhibitor idasanutlin. Then we

average RMSD value of MDM2 (Apo), MDMilasanutlin and
MDM2-PPGidasanutlin were found to be 1.44 + 0.25 A, 1.41
0.16 A, and 1.35 + 0.19 A, respectively. Among the three systs
the MDM2-idasanutlin complex wsafound to be more stable i
comparison with MDM2 (Apo) and MDMPPGidasanutlin.
Then wedetermined th&esidue flexibility in all the three system
using RMSF analysigrigure 4bshows the RMSF values for-@
atoms of the corresponding three systerfike average RMSH
valuesof alltheC-U at oms wa 9.89f+®.42nAd0.88
0.32 A, and 0.80 + 0.31 A for MDM2 (Apo), MDM@lasanutlin,
and MDM2PPGidasanutlin, respectively. From the RMSF pl
we see fluctuation of ©@ at oms i n t he toNd®
higher than in the MDM2dasanutlin and MDMZPPG

idasanutlin states. Rg is another important geometrical paran
which indicates the compactness of a system over a periq
simulation time. For a protein molecule to be stable, it shq
maintainits compactness in an optimal temperature and preg
conditions. The average Rg values for MDM2 (Apo), MDM
idasanutlin and MDMZPPGidasanutlin were found to be 13.04
0.10 A, 13.03 + 0.07 A, and 12.95 + 0.08 A, respectively. We
the size of MDM2 ¢ maintain the same value even upon bind
to idasanutlin and PR@asanutlin Figure 4¢. The solvent
accessible surface area (SASA) gives an overview of the beh
of residues with respect to solvent, and determines the stabili
the protein. The 8SA for MDM2 (Apo), MDM2-idasanutlin and
MDM2-PPGidasanutlin were calculated to be 5777.98 + 2000
A? 5808.40 + 183.78 A and 5894.16 + 183.20%Arespectively.
From the SASA plot, we camfer that MDM2 has undergon
subtle change in conformation upbinding with idasanutlin ang
PPGidasanutlin Figure 49. The average structural properties
MDM2 (Apo), MDM2-idasanutlin complex, and MDMBRPG

idasanutlin complex that weibtained from the analysis of the
corresponding MD trajectoridgave been summarized in thable
1.

Additionally, we also carried out the analysis of intra g
intermolecular hydrogen bonds (shown #Rigure 5 and 6
respectively) present in the three systems. The number
hydrogen bonds was observed to be withia tteal range as
proposed for the globular proteins [48]. From the plot, we h

performed the Dictionary of Secondary Structure of Proteins
{DSSP) analysis [49)sing the Kabsch and Sder algorithm [49]
brto investigate the changes in secondary structural elements in th
n MDM2 molecule (as shown iRigure §. FromFigure 8 it can be
observed that MDM2 (Apo), MDM&asanutlin complex and
sMDM2-PPGidasanutlin complex show a noticeabliference in
the number -beficest Wersaesmora tughs irJMDM2
(Apo), followed by the MDM2PPGidasanutlin complex, and
MDbM2-idasanutlin complex. We also found the helical content to
be higher in the MDMzadasanutlin complex, followed by the
btMDM2-PPGidasanutlin complex, and MDM2 (Apolrigure §.
M2  (From thy PDBsum arelysis of the MDNtasanutlin and
MDM2-PPGidasanutlin complexes, we have studied the protein
eligand interaction profiles (as shown in Supplementaple S1
daofl Table S2. The MDM2p53 interaction profile was obtained
uly uploading the experimentally determinedD Ztructure of the
sii®M2-p53 complex obtained from RSCB PDB (ID: 1YCR) in
2the PDBsum server (as shown Figure 9) The interactions
+noticed in the MDMZzdasanutlin, MDM2PPGidasanutlin and
s&tDM2-p53 complexes were summarizedriable 2.
ng From Table 2 we see almost the same set of MDM2
residues were involved tieinteraction with p53 and idasanutlin.
avior To haveanapparent view on the binding of idasanutim
tyNDM2, we have extracted the most stable conformer (using
RMSD clustering method) from the corresponding 40 ns MD
.G8mulation trajectories of the two systems (i) MD{tasanutlin,
and (i) MDM2-PPG idasanutlin. Using UCSF Chimera v 1.13.1
b [50] we have \gualized the extracted stable conformeMaiM2-
idasanutlin, andDM2-PPG idasanutlin complexeand also the
oMDM2-p53 complex (PDB ID: 1YCR) obtained from RCSB
PDB. We have then supanposed the D structure of MDM2
iridasanutlin complex with MDMPPGidasanutlin to see the
differences in the binding patterRigure 103 In addition we also
superimposed the D structure of MDM2idasanutlin complex
navith the MDM2-p53 complex to compare the binding pattern
(Figure 10b.
of FromFigure 10ait can be observetthat the aromatic rings
of idasanutlin (red) fit perfectlinto the binding cavity of MDM2.
avdowever, when idasanutlin is bound to the PPG (green), it

calculated the average number of intramolecular hydrogen b

pnolelergoes probable conformational changes, for which the
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aromatic rings of idasanutlin cannot fit intcetbinding cavity of| p53 (blue). Thus, it can be inferred that idasanutlin can act as
MDM2. FromFigure 10b, it can be clearly seen that idasanutlirpotent inhibitor, and it has the abilitp disrupt the p531DM2
(red) occupies the binding cavity of MDM2 in the same manngr ageraction.

30 ns 40 ns

Figure 1. Conformationsof MDM2 (Apo) at different time intervals of simulation.

Figure 2. Conformations of MDMZ2idasanutlin complexat different time intervals of simulation.
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30 ns 40 ns
Figure 3. Conformations of MDM2PPGidasanutlin complert different time intervals of simulation.
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Figure 4. The structural characteristics (a) Root Mean Square Deviation (RMSD), (b) Root Mean Square Fluctuation (RMSF), (c) Radiisnof
(Rg), and(d) Solvent Accessible Surface Area (SASA) of MDM2 (Apo), MBMasanutlin, and MDMZPPGidasanutlin during 40 ns Molecular
Dynamics simulation.
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Figure 5. Intra-molecular hydrogen bond analysis for MDM2 in (a) MDM2 (Apo); (b) MDMasanutlin complexand (c) MDM2PPGidasanutlin
complex.

Figure 6. Inter-molecular hydrogen bond analysis for (a) MDM2sanutlin complex; and (b) MDMRPGidasanutlin complex.

Figure 7. ProbableSecondary structurgcore for MDM2in (a) Apo, (b) complex with idasanint] and (c) complex with PR@lasanutlin
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