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Abstract Cyclophilin D (CypD) is an important regulatory
protein involved in mitochondrial membrane permeability
transition and cell death. Further, the mitochondrial CypD–
p53 axis is an important contributor to necroptosis, a form
of programmed necrosis, involved in various cardiovascular
and neurological disorders. The CypD ligand, Cyclosporin
A (CsA), was identified as an inhibitor of this interaction. In
this study, using computational methods, we have attempted
to model the CypD–p53 interaction in order to delineate
their mode of binding and also to disclose the molecular
mechanism, bymeans ofwhichCsA interfereswith this inter-
action. It was observed that p53 binds at the CsA-binding
site of CypD. The knowledge obtained from this modelling
was employed to identify novel CypD inhibitors through
structure-based methods. Further, the identified compounds
were tested by a similar strategy, adopted during the mod-
elling process. This strategy could be applied to study the
mechanism of protein–protein interaction (PPI) inhibition
and to identify novel PPI inhibitors.
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Introduction

Cyclophilin D (CypD), also known as peptidyl prolyl cis-
trans isomerase F (PPIF), is a mitochondrial protein that is
involved in the necroptosis-mediated cell death [1]. During
cell death, CypD residing in the matrix of mitochondria relo-
cates and associates with the inner mitochondrial membrane
to formamitochondrial permeability transitionpore (MPTP).
It is recognized as a crucial component for MPTP forma-
tion [2,3]. Certain physiological stress conditions, such as
oxidative stress, drive towards the long-lasting opening of
MPTP which leads to the mitochondrial permeability tran-
sition (MPT) [4]. MPT is witnessed by an abrupt increase
of inner mitochondrial membrane permeability, irreversible
loss of mitochondrial membrane potential and production of
reactive oxygen species (ROS). All these events will ulti-
mately lead to cell death [5,6].

CypD-mediated necroptotic cell death was reported in
various neurological disorders, such as Alzheimer’s disease,
Parkinson’s disease, Huntington disease, cerebral ischemia,
traumatic brain injury and spinal cord injury [7–11]. It regu-
lates MPT and controls necroptosis in these diseases [2,12].
Hence, CypD is considered as an attractive pharmacological
target in clinical practice [13].

Recent studies have reported that, during oxidative stress,
p53 could open the MPTP to trigger necrosis [1]. To achieve
this, p53 accumulates and interacts with CypD in the mito-
chondrial matrix that triggers MPTP opening and necrosis.
Formation of the p53–CypD complex was observed in neu-
rological disorders, such as cerebral ischemia/reperfusion
(I/R) injury. Further, p53 was localized to the mitochon-
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Fig. 1 Study workflow.
Elucidation of the molecular
mechanism behind the
inhibition of CypD–p53
interaction and the identification
of potential CypD inhibitors

dria inducing oxidative stress. Thus, it was suggested that, in
response to oxidative stress, p53 participates in necroptosis
by interacting directly with CypD to open the PTP. In con-
trast, reduction of p53 levels or pre-treatment with the CypD
inhibitor, Cyclosporin A (CsA), prevented this complex for-
mation [1]. Hence, inhibition of the CypD–p53 interaction
was suggested to be a better therapeutic strategy in the dis-
eases involving necroptosis. However, the binding mode of
CypD with p53, and the molecular mechanism behind the
inhibition of CypD–p53 interaction by CsA are not known.
Further, CsA is not a drug of choice owing to its limitations,
such as poor solubility and bioavailability, bulky nature and
cross reactivity [14–19]. Thus, there is a need for the identi-
fication of novel small molecule inhibitors of the CypD–p53
interaction to protect cells from necroptotic cell death.

Knowledge regarding the binding mode of CypD–p53
is essential in order to inhibit this interaction. Further, the
mechanism by which CsA inhibits CypD–p53 interaction
needs to be uncovered. Therefore, in the present study,
protein–protein docking followed by molecular dynamics
(MD) simulation was carried out to understand the binding
modes and the molecular interactions of CypD and p53. Fur-
ther, CypD–p53 complex was simulated in the presence of
CsA to understand the mechanism of inhibition of this inter-
action by CsA. The knowledge thus derived was employed
to identify potential CypD inhibitors (Fig. 1).

Materials and methods

Protein structures

The complete protein 3D (three-dimensional) structures of
CypD and p53 are required to identify their binding modes
with each other. Since the complete structure of the CypD
protein is available in the PDB, the structure with best reso-
lution (PDB ID: 2Z6W) was used for this study.

On the other hand, the complete 3D structure of p53
is not available in the PDB. The 3D structure of p53
could not be identified through homology modelling since
it does not contain any 3D protein template with maximum
identity and sequence coverage. Hence, its structure was pre-
dicted through threading using the I-TASSER server [20].
Iterative Threading ASSEmbly Refinement (I-TASSER) is
a computational method for 3D protein structure predic-
tion. Structural templates are detected from the PDB by
fold recognition or threading. The full-length structure
models are constructed by reassembling structural frag-
ments from threading templates using replica exchange
Monte Carlo simulations. Thus, the model with the best
C-Score was selected and was further verified through
PROCHECK and the Ramachandran plot hosted by the
structural analysis and verification server (SAVES) (http://
nihserver.mbi.ucla.edu/SAVS/). PROCHECK is a program
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to check the stereochemical quality of protein structures by
analyzing residue-by-residue geometry and overall structure
geometry.

The availability of protein 3D structures is essential
for rational drug design. The protein structures determined
via experimental methods, such as X-ray crystallography
and NMR spectroscopy, are more reliable compared to the
structures predicted through in silico methods. However,
experimental methods are time-consuming and expensive.
Further, not all proteins can be successfully crystallized (i.e.,
membrane proteins) [21–26]. Hence, the structural informa-
tion of a series of protein 3D structures and their interactions
were developed in a timely manner, by means of structural
bioinformatics techniques [27–33]. Similarly, the computa-
tional protein structure prediction technique was adopted in
the current study also.

The 3D structures of CypD and p53 proteins were pre-
pared using the protein preparation wizard of Schrodinger
(Schrodinger LLC., Portland, USA) as described earlier [34]
and were further considered for pharmacophore analysis and
docking.

Protein–protein docking

Protein–protein interactions play a key role in cellular
processes and pathways. Numerous computational methods,
such as protein–protein docking, have been proposed to pre-
dict these interactions to provide insight into cell signalling
mechanisms [35–39].

To study the CypD–p53 interactions, molecular docking
of these proteins was performed through the ZDOCK server
v3.0.2 [40]. p53 and CypD were considered as the recep-
tor and the ligand, respectively. The proteins were docked
based on IFACE statistical potential, shape complementar-
ity and electrostatics. The protein–protein complex with the
best ZDOCK score was considered for molecular dynamics
(MD) simulation.

e-Pharmacophore extraction

Fragment-based energy-optimized pharmacophore (e-phar-
macophore) was extracted to identify all the energetically
favourable pharmacophore features in the CypD-binding
site [34]. The Glide fragment library was docked into the
binding site of the protein using Glide XP (Glide v5.7,
Schrodinger LLC., New York, NY). The resulting pose
viewer file was used to generate the pharmacophore through
e-pharmacophore script in the Schrodinger software. Phar-
macophore sites were automatically generated from the
protein–fragments complex through the Phase module of the
Schrodinger suite.

Pharmacophore validation

The extracted e-pharmacophore was validated using the
CypD inhibitors reported in the PDB (PDB IDs: 3RCF,
3RDC, 4J58, 4J59, 4J5A, 4J5B, 4J5C, 4J5D and 4J5E).
These compounds were prepared by the LigPrep module of
the Schrodinger suite (LigPrepv2.3, Schrodinger, LLC, New
York, NY). The ligands were processed to assign the suitable
protonation states at physiological pH 7.2± 0.2. Conformer
generation was carried out with the ConfGen torsional sam-
pling using the OPLS 2005 force field.

These inhibitors were seeded randomly into the ZINC
compound database, and pharmacophore-based screening
was carried out. Enrichment factor (EF) was employed to
validate the extracted e-pharmacophore. EF is one of the best
methods to evaluate the effectiveness of a virtual screening
protocol [41,42]. The EF is defined as follows:

EFx% = n(active at x%)/n(x%)

n(all active)/n(all)
,

where n(active at x%) is the number of active ligands iden-
tified in the top x% of the database screened, n(x%) is the
number of compounds screened at top x% of the database,
n(all active) is the number of active ligands in the entire
database and n(all) is the number of compounds in the entire
database.

The pharmacophore was validated using the early EFs at
1 and 5 % of the database screened.

Pharmacophore-based screening

The extracted fragment-based e-pharmacophore of CypD
was employed to screen the lead-like compounds (∼2million
unique structure records) in the ZINC database [43] using the
Phase module. For filtering the database molecules, distance
matching tolerance was set to 2.0 Å and the matching of a
minimumof 4 sites was set as criterium. The ligand conform-
ers that matched well with the hypothesis were obtained as
output and were ranked in the order of their fitness score.
All the compound hits, thus obtained, were considered for
protein–ligand docking.

Protein–ligand docking

The compound hits, obtained through pharmacophore-based
screening, were prepared and their conformers were gener-
ated as described in the earlier section. Glide energy grid
was generated from the CypD protein structure. The co-
crystallized ligand was differentiated from the active site of
the receptor and the grid was defined by a rectangular box
surrounding the ligand. Default values were considered for
the van der Waals radii and the partial atomic charges.
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Dockingwas performed usingGlide in the Virtual Screen-
ing Wizard of the Schrodinger suite [44]. The specified
default settings were considered for docking calculations.
Ligandswere docked using theOPLS2005 force field and the
option to outputGlideXPdescriptor informationwas chosen.
Further, the option to write per-residue interaction scores for
residues within 12 Å of receptor grid centre was also cho-
sen. Finally, the protein–ligand complexes were subjected to
post-docking minimization. The protein–ligand interactions,
such as H-bonds and hydrophobic interactions, were visual-
ized using LigPlot+ v.1.4 [45].

Feature evaluation (FE)

FEwas carried out to check if all the energetically favourable
pharmacophore features present in the CypD- binding site
were extracted and also if the ligands interact with the amino
acids corresponding to these features only [34]. This was
achieved by analyzing the per-residue interactions of the top-
best hits obtained through protein–ligand docking.

Per-residue interaction scores of amino acid residues
were employed to calculate the H-bond energy contribution
(HBEC) and total energy contribution (TEC) of amino acids
within 12 Å of the receptor grid centre. HBEC denotes the
H-bond energy contributed by each residue towards the inter-
action energy of ligands. Thus, all the amino acid residues
that are involved in theH-bonding could be identified through
HBEC. Similarly, TEC denotes the total interaction energy
contributed by each amino acid residuewith the ligands. This
would help in identifying the residues that contributed more
to the interaction energy of the ligands. The HBEC of an
amino acid was calculated by adding the H-bond energies of
all the ligands with that amino acid, and the TEC of an amino
acid was calculated by adding the interaction energies of all
the ligands with that amino acid.

HBEC of an amino acid X

=
50∑

N=1

(hydrogen bonding energy of ligand N with

amino acid X) ,

TEC of an amino acid X

=
50∑

N=1

(interaction energy of ligand N with amino acid X),

where N is the number of ligands.
The HBEC and TEC of each amino acid were calculated

for the top 50 ligands obtained through protein–ligand dock-
ing.

Protein–ligand–protein docking

To study the influence of CsA and other ligands on the
CypD–p53 interactions, protein–ligand–protein dockingwas
carried out by docking p53 with CypD–CsA or CypD–ligand
complexes. Protein–ligand–protein docking was performed
through the ZDOCK server as mentioned earlier in the
protein–protein docking section. The docked complexes
were further subjected to MD simulation studies.

MD simulation

Many marvellous biological functions in proteins and DNA
and their profound dynamic mechanisms, such as switch
between active and inactive states [46], cooperative effects
[47], allosteric transition [48,49], intercalation of drugs
into DNA [50] and assembly of microtubules [51], can
be revealed by studying their internal motions, as elab-
orated in a comprehensive review and summarized in
a recent paper [52,53] as well as a Wikipedia article
at http://en.wikipedia.org/wiki/Low-frequency_collective_
motion_in_proteins_and_DNA. Likewise, to really under-
stand the action mechanism of receptor–ligand or protein–
protein binding, we should consider not only the static
structures concerned but also the dynamical information
obtained by simulating their internal motions or dynamic
process. To realize this, MD simulation is one of the feasible
tools.

MD simulations of the protein–protein (CypD–p53),
protein–ligand (CypD–ligand) and protein–ligand–protein
(CypD–ligand–p53) complexes were carried out using the
Gromacs v4.5.5 software with the Gromos53a6 force field
[54–56]. The PRODRG server was used to generate the
topologies and parameters for the ligands [57].

The system was initially subjected to 20,000 steps of
steepest descent minimization in vacuum, followed by
explicit solvation in a cubical water system. Simple point
charge water molecules (SPC/E) were used for solvation
and the protein complex was placed in the centre of a cubic
box. The system was prepared by protonating the ionizable
residues of the protein without artefacts. Neutralization of
the system was achieved by the addition of Na+ and Cl−
counter ions and a salt concentration of 0.1 M NaCl. Lin-
ear constraint (LINCS) algorithm was applied to fix all the
hydrogen-related bond lengths, facilitating the use of a 2-fs
time step. ParticleMesh Ewald (PME) was employed to treat
long-range electrostatic interactions [58]. A cut-off of 1.4 nm
was used for both the Van derWaals and the PME component
of electrostatic interactions. All the bond lengths associ-
ated with H-atoms were constrained through the SHAKE
algorithm. Further, 20,000 steps of steepest descent energy
minimization were employed on the solvated system.
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After energy minimization, the system was equilibrated
for 100 ps with NVT and NPT ensemble equilibration proto-
col for about 50,000 steps. Extensive MD simulations were
then performed for about 20–60 ns under a constant num-
ber of particles at constant temperature and pressure, as
previously described [34]. Analyses, such as RMSD and
distances, were carried out using the tools bundled with
the Gromacs distribution package and the visual molecular
dynamics (VMD) analysis package [59].

Results and discussion

p53 protein structure

The complete protein sequence of p53 with 393 amino acids
was retrieved fromUniProt (ID: P04637) and its 3D structure
was determined through threading. The predicted structure
showed nearly 85 % of its residues in the most favoured
regions of the Ramachandran plot (Online Resource 1). This
p53 protein structure was docked with CypD to study the
CypD–p53 interactions.

p53 binds to CypD at its CsA-binding site

CypD was docked with p53 and the resultant complex was
subjected to 60 ns MD simulation. It was identified that p53
binds to CypD at its CsA-binding site (amino acid residues
60–80) (Fig. 2). This is in accordance with a previous study,
which reported that p53 binds at the CsA-binding site of
the cyclophilin protein, Cyp18 [60]. It can be deduced that
this might be the reason behind the inhibition of CypD–p53
interaction by CsA. Thus, CsA may bind to CypD and block
its binding site making it unavailable to p53.

The information of the binding site/binding pocket of a
receptor for its ligand is very important for drug design,
particularly for conducting mutagenesis studies [33]. In the
literature, the binding pocket of a protein receptor to a lig-
and is usually defined by those residues that have at least
one heavy atom (i.e., an atom other than hydrogen) within
a distance of 5 Å from a heavy atom of the ligand. Such
a criterion was originally used to define the binding pocket
of ATP in the Cdk5–Nck5a* complex [61] that later proved
quite useful in identifying functional domains and stimu-
lating the relevant truncation experiments [62]. A similar
approach has also been used to define the binding pockets of
many other receptor–ligand interactions important for drug
design [28,63–69].

Analysis of the CypD–p53 protein complex showed that
these proteins are almost perfectly fitting to each other
(Online Resource 2). p53 has a palm and thumb structure
that accommodates CypD in the palm and fixes it using
the thumb. In addition, the binding of p53 distorted the

binding site of CypD (Fig. 2). The results of the MD simu-
lation of the CypD–p53 complex showed that the RMSD of
the protein complex as well as the individual proteins was
steady and they became stable during the course of simula-
tion (Fig. 3a–c). The RMSD of CypD, p53 and CypD–p53
complex was about 0.3, 0.8 and 1.5 nm, respectively. Fur-
ther, the distance between these proteins decreased during
the simulation, which supports the binding of CypD with
p53 (Fig. 3d). Visual analysis of the simulation depicted that
p53 came close and bound to CypD, as shown in the ani-
mation (Online Resource 3). However, the final distance is
not zero and remains about 3.5 nm, since the distance was
calculated between the centres of the two proteins (Fig. 3d).

CsA could inhibit the CypD–p53 interaction

It was reported that CsA inhibited theCypD–p53 interactions
and, in this study, we have observed that p53 binds to CypD
at the CsA- binding site. By combining these two events, we
attempted to deduce the mechanism behind the inhibition of
CypD–p53 interaction by CsA. We propose that binding of
CsA might block the binding site of CyPD from p53. Fur-
ther, we wondered whether this logic could be replicated
through MD simulation studies. Hence, p53 was docked to
the CypD–CsA complex (PDB Id: 2Z6W) and the resulting
CypD–CsA–p53 complex was subjected to 40 ns MD simu-
lation.

As expected, CsA could inhibit theCypD–p53 interaction.
It was observed that, in the presence of CsA, CypD could not
bind to p53. This supports our proposal that p53 binds to
CypD at its binding site. Hence, this interaction could be
inhibited by CsA since it blocks the CypD-binding site and
makes it unavailable for the binding of p53.

The RMSD of CypD and p53 was 0.3 and 0.8 nm,
respectively (Fig. 4a, b). Though they were similar to their
respective RMSD observed during CypD–p53 simulation
(Fig. 3a, b), the RMSD of p53 was not at all stable and it
increased as the simulation progressed. In addition, com-
pared to CypD, p53 was not stable and its structure varied a
lot. The RMSD of the protein complex was approximately
4 nm and it was also not at all stable and varied greatly
throughout the simulation (Fig. 4d). This shows that a stable
CypD–p53 complex was not formed during the simulation.
Further, during the course of simulation, the distance between
CypDand p53 increased and both the proteinswere separated
by 7 nm (Fig. 4e). This shows that, in the presence of CsA,
p53 could not bind to CypD and both the proteins move away
from each other, as shown in the animation (Online Resource
4).

TheRMSDofCsAwas 0.2 nmand it became stable during
the simulation (Fig. 4c). The distance between CypD and
CsA was 1.2 nm. It did not vary much and became stable
during simulation (Fig. 4f). This demonstrates that CypDwas
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Fig. 2 Comparison of the CypD-binding site structure a CypD bound to CsA, b CypD bound to p53 and c structural alignment of CypD structures
bound and unbound to p53

Fig. 3 MD simulation results of CypD–p53 complex a RMSD of CypD, b RMSD of p53, c RMSD of CypD–p53 complex and d distance between
CypD and p53
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Fig. 4 MD simulation results of CypD–CsA–p53 complex a RMSD of CypD, b RMSD of p53, c RMSD of CsA, d RMSD of CypD–p53 complex,
e distance between CypD and p53 and f distance between CypD and CsA

close to CsA than p53. Further, The final position of CsAwas
almost similar to its initial position, which indicates that CsA
remains in the binding site of CypD (Fig. 4f). Taken together,
it could be inferred that CsA binds to CypD and forms a
stable complex, which in turn inhibits p53 from binding to
CypD. Visual analysis of the simulation depicted that CsA
binds to CypD and remains in the binding site throughout the
simulation. Moreover, p53 does not bind to CypD andmoves
away from it (Online Resource 4).

Therefore, this logic/mechanism that the presence of a
molecule/inhibitor at the CsA-binding site of CypD may
inhibit the CypD–p53 interactions could be employed to
identify small molecule CypD inhibitors that may inhibit
these protein–protein interactions.

CypD e-pharmacophore

Structure-based drug design approach was adopted to iden-
tify the CypD inhibitors. Fragment-based e-pharmacophore
was extracted from the CypD-binding site to identify all
the energetically favourable pharmacophoric features. The
extracted pharmacophore contained ten features, AAAAD-
DDDRR (Fig. 5). These features were corresponding to the
amino acids Arg 55, Gln 63, Gly 72, Asn 102, Ser 110, Gln
111 and His 126 (Fig. 5a, b) (Online Resource 5). Most of
these amino acids are involved in the interaction of CypD
with CsA.

This pharmacophore was validated using the EF. The
EF1% and EF5% were 20 and 6, respectively. This shows
that the extracted pharmacophore is considerably reliable.
Finally, pharmacophore-based screening of ZINC database
retrieved approximately 0.3 million compounds.

Docking-based virtual screening

The compound hits obtained through pharmacophore-based
screeningwere further screened through high throughput vir-
tual screening (HTVS), standard precision (SP) and extra
precision (XP) docking. Ligands were chosen for MD simu-
lation based on their glide score and glide energy. Ligand
1 or Ligand S is the top-best and the strongest bind-
ing ligand that showed good glide score and glide energy
(Table 1). The top ligands aligned well with most of the
features in the e-pharmacophore (Online Resource 6) and
also showed interactions with the amino acids correspond-
ing to the pharmacophoric features (Fig. 6). The alignment
of CypD–Ligand1 complexes, obtained through docking and
simulation, shows that the ligand binds to the protein with
similar conformational modes (Online Resource 7) and this
confirms the interactions of the ligands obtained during dock-
ing studies.

Feature evaluation

FE was carried out to identify the amino acids that are
involved in H-bonding with the ligands and that contributes
more to the binding of the ligand with the protein. HBEC
graph (Online Resource 8) of the top-most 50 ligands shows
that the amino acid residues 55, 63, 72, 74, 101, 102 and 111
are involved inH-bonding.Amino acids 102 and 101 formH-
bonds with the maximum and minimum number of ligands,
respectively (Online Resource 8). Almost all these residues
are the amino acids corresponding to the pharmacophoric
features.
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Fig. 5 CypDe-pharmacophore aAAAADDDDRRpharmacophoric features,b pharmacophoric features and their corresponding/interacting amino
acids and c pharmacophoric features mapped onto the CypD-binding site

Table 1 Docking results of the
top three ligand molecules

Ligand Zinc ID Glide score Glide energy (Kcal/mol) H-bond interactions

Ligand 1 ZINC76567082 −8.581706 −51.789667 Gln 63, Asn 102,

Gly 109, Ser 110,

Gln 111

Ligand 2 ZINC79129464 −8.159309 −51.796525 Gln 63, Gly 72,

Ser 110, Gln 111

Ligand 3 ZINC51336509 −8.141029 −50.572725 Gln 63, Ala 101,

Asn 102

Fig. 6 H-bonds and hydrophobic interactions of the top three ligands with the amino acids present in the binding site a Ligand 1 (Ligand S), b
Ligand 2 and c Ligand 3

TEC was calculated for the seven amino acids that are
involved in H-bonding. TEC graph illustrates that Asn 102
contributed to a greater extent for the total binding energy of
the top-most ligands (Online Resource 9). Thus, the HBEC

and TEC analysis demonstrates that almost all the pharma-
cophoric features required for the binding of ligands were
extracted from the CypD-binding site.
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Fig. 7 MD simulation results of CypD–Ligand1–p53 complex a RMSD of CypD, b RMSD of p53, c RMSD of Ligand 1, d RMSD of CypD–p53
complex, e distance between CypD and p53 and f distance between CypD and Ligand 1

Fig. 8 MD simulation results of CypD–LigandW–p53 complex a RMSD of CypD, b RMSD of p53, c RMSD of LigandW, d RMSD of CypD–p53
complex, e distance between CypD and p53 and f distance between CypD and Ligand W

Strong ligand of CypD inhibited CypD–p53 interactions

We employed a similar strategy, as in the case of CsA, to test
whether the top-most ligand obtained through docking could
inhibit the CypD–p53 interactions. CypD–Ligand1 complex
was docked with p53 and the resulting CypD–Ligand1–p53
complex was subjected to 50 ns MD simulation.

The RMSD of p53 was not stable during the simulation
(Fig. 7b). In addition, the RMSD of the protein complex

was also not at all stable and varied a lot throughout the
simulation (Fig. 7d). This illustrates that a stable CypD–p53
complex was not formed during the simulation. Further, the
distance between CypD and p53 increased up to 4.5 nm
during the course of simulation, indicating that p53 does
not bind to CypD (Fig. 7e). Thus, in the presence of Lig-
and 1, both the proteins do not bind and also move away
from each other, as shown in the animation (Online Resource
10).
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Comparison of distances between CypD and p53 dur-
ing CypD–CsA–p53 and CypD–Ligand1–p53 simulations
(Figs. 4e, 7e) demonstrates that these two proteins were sepa-
rated to a greater extent by CsA when compared to Ligand 1.
This might be due to CsA is a large bulky peptide molecule,
whereas Ligand 1 is a small molecule. However, it should be
noted that both CsA and Ligand 1 were able to inhibit the
CypD–p53 interactions.

The RMSD of Ligand 1 was 0.2 nm and it became stable
during the simulation (Fig. 7c). The distance between CypD
and Ligand 1 was 1.2 nm, which demonstrates that CypD
was close to CsA than p53 (Fig. 7f). It could be observed that
the distances of CypD–CsA and CypD–Ligand1 are similar
(Figs. 4f, 7f). Further, the distance betweenCypD andLigand
1 did not vary much and the final position of the ligand was
almost similar to its initial position (Fig. 7f), which shows
that Ligand 1 remained bound within the CypD-binding site.
The RMSD and distance profiles of CypD–Ligand1–p53
simulation were similar to those in the case of CypD–CsA–
p53 simulation. Visual analysis of the simulation depicted
that Ligand 1 binds to CypD and remains in the binding
site throughout the simulation. However, p53 does not bind
to CypD and moves away from it (Online Resource 10).
Therefore, it could be deduced that Ligand 1 binds to CypD
and inhibits its interaction with p53, in a way similar to
CsA.

Weak ligand of CypD could not inhibit CypD–p53
interactions

We wondered how CypD and p53 would act in the presence
of a weak ligand (Ligand W). Is it really the interaction of
Ligand 1with CypD or is it merely because of the presence of
a ligand at the CypD–p53 interface that inhibited the CypD–
p53 interaction? To answer this question,MD simulationwas
carried out on CypD–LigandW–p53 complex.

Ligand W was not able to inhibit the CypD–p53 interac-
tions. The RMSD of the CypD–p53 protein complex as well
as the individual proteins was steady and they became stable
during the course of simulation (Fig. 8). TheRMSDofCypD,
p53 and CypD–p53 complex were about 0.3 nm, 0.8 nm and
2.0 nm, respectively. Though the RMSD of the Ligand W
was 0.2 nm, it varied a lot throughout the simulation.

The distance between CypD and p53 decreased and
became stable during the simulation, which supports the
binding of CypD with p53 (Fig. 8e). Conversely, the dis-
tance between CypD and Ligand W increased up to 1.4
nm and was not stable. Here, it could be observed that the
distance between CypD–LigandW is less than the distance
betweenCypD–p53. This gives an impression that theLigand
W remains close toCypD and binds to it. Nevertheless, visual
analysis of the simulation showed that LigandWdid not bind

Fig. 9 MD simulation results of CypD–LigandW complex a RMSD
of Ligand W and b distance between CypD and Ligand W

to CypD properly and it tried to move out of the binding site,
as shown in the animation (Online Resource 11). However, it
was struck between the CypD and p53 proteins and so could
not move away from CypD.

In order to unravelwhetherLigandWreally binds toCypD
or is it because of p53 that it remained close to CypD, we
performed MD simulation of CypD–LigandW complex for
20 ns. It was observed that Ligand W does not bind to CypD
and it moved away from the binding site, as shown in the
animation (Online Resource 12). The RMSD of Ligand W
was not at all stable and varied throughout the simulation
(Fig. 9a). Further, the distance between CypD and LigandW
was approximately 6.5 nm, which is very high (Fig. 9b).

Thus, theRMSDanddistanceprofiles ofCypD–LigandW–
p53 simulationwere similar to those in the case of CypD–p53
simulation. Hence, it could be deduced that, in the presence
of Ligand W, CypD–p53 complex is formed and Ligand W
could not inhibit this interaction.
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Conclusions

Protein–protein interactions (PPI) are central in the cause and
progress of a variety of diseases. Knowledge regarding the
underlyingmolecularmechanisms is necessary to understand
and inhibit these interactions. CypD–p53 interaction is cru-
cial for MPTP formation and necroptosis. The information
that this interaction could be inhibited by CsA, ignited the
idea that CypD inhibitors could regulate necroptosis path-
way. Given the limitations of CsA, there is a need to discover
novel small molecular CypD inhibitors. However, no infor-
mation is available regarding the CypD–p53 interactions and
their bindingmodes. Further, themechanismof action ofCsA
is not known.

In this study, we have modelled the molecular mecha-
nism of CypD–p53 inhibition by CsA. It was identified that
p53 binds to CypD at its CsA-binding site and thus CsA
could inhibit this interaction. In addition, e-pharmacophore
was extracted from the CypD-binding site and was employed
to screen compounds. Potential inhibitors were identified
through docking and MD simulation studies. The top-most
ligand (Ligand 1) was validated through similar strategy,
which was used during the modelling of CsA activity. Fur-
ther, this modelling methodology was checked through a
weak ligand. It was identified that the strong ligand was
able to inhibit the CypD–p53 interaction, in a way much
similar to CsA. Conversely, the weak ligand was not able
to inhibit this interaction. In the presence of the weak lig-
and, p53 came close to CypD and they interacted similarly
to their native interaction, suggesting that the weak ligand
has no influence. Thus, through this study, we have proposed
a computational strategy that could be employed to study
and delineate the molecular mechanism of protein–protein
interactions and their inhibition. Further, this strategy could
be employed in the identification and evaluation of novel
inhibitors of PPI.
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