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ABSTRACT: Recent research has advocated the signiﬁcant contribution of metal dyshomeostasis in
developing and progressing Alzheimer’s disease (AD). Disruption of homeostasis creates an imbalance
of the metal ions that causes neuronal dysfunction and death. Flavonoids such as quercetin and
naringenin play an essential role in iron homeostasis and are widely explored in treating various
complex diseases. Iron is a critical player in many physiological activities, and hence, its homeostasis is
essential for the normal functioning of the brain. Iron deﬁciency and iron overload contribute to AD
development, highlighting the importance of maintaining iron homeostasis. Ferritin is an iron protein
associated with the storage and sequestration of excess ferrous iron, playing a pivotal role in
maintaining iron levels. Flavonoids are the most common polyphenolic compounds present in the
human diet and are known to exert multiple neuroprotective actions. Naringenin and quercetin are
extensively explored polyphenols having a broad range of therapeutic potential ranging from cancers to
neurodegenerative disorders. This study aims to investigate their binding, employing molecular
docking and molecular dynamics (MD) simulation in light of these polyphenols’ and ferritin’s
therapeutic importance in AD. In this study, we performed structure-based docking of quercetin and
naringenin with human ferritin. First, the binding aﬃnity of quercetin and naringenin toward ferritin was estimated, and then their
close interactions were explored to ﬁnd the stable poses. All-atom 100 ns MD simulations further escorted the docking study,
followed by principal component and free energy landscape analyses. The dynamic studies helped investigate the conformational
dynamic, structural stability, and interaction mechanism of ferritin with quercetin and naringenin. The MD analysis suggested that
the binding of quercetin and naringenin with ferritin stabilizes throughout the simulation period and leads to fewer conformational
deviations. This study gives an insight at the atomistic level into the interaction between quercetin and naringenin with ferritin,
thereby aiding in understanding the activity and mechanism of protein and drug binding. The study is clinically signiﬁcant as iron
participates in the occurrence of AD.
the sequence for normal functions, independent of ROS
modiﬁcation and mutation. A few of these aggregate-prone
proteins have a signiﬁcant role in many neurological
conditions. For example, α-synuclein, having a normal
sequence in Parkinson’s disease (PD), a partially misordered
stretch of amino acids is sensitive to iron levels as iron
enhances its aggregation.2,3
Similarly, in AD, a partially disordered amyloid β (Aβ)
peptide undergoes aggregation in the presence of excess iron.4
Moreover, the aggregates formed can generate ROS and

1. INTRODUCTION
Iron has evolved and has been incorporated in life as an
essential element in numerous metabolic processes by using it
in electron transfer, biochemical catalysis, storage and
transport of oxygen, etc. Iron availability and adequate
compartmentalization are necessary for normal human
physiological functions. However, the chained process of
procurement, distribution, and utilization of the metal in the
cellular environment can be surplus in oxygen and reducing
counterparts is at most risk.1 The redox-active metal iron is
substantially similar to potassium, sodium, zinc, and calcium as
it is generally a part of single-electron transfers. Irregulated and
miscoordinated iron in the labile-iron pool of cells can generate
reactive oxygen species (ROS) that alter the structure of lipid,
proteins, and nucleic acids, leading to immediate problems like
loss of functionality, protein aggregation, and destabilization.
Besides, iron can also increase the aggregation of proteins with
intrinsic sequence disorders, which are generally considered
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induce a redox change in iron.4,5 Both accumulation of iron
and dysregulation of iron metabolism in speciﬁc regions of the
brain are associated directly with several infamous neurodegenerative diseases known by the name neurodegeneration
with brain iron accumulation (NIBA) diseases6,7 and also with
the more common ones.8 The issues associated with iron
homeostasis are wide; to address these inevitable issues of iron
availability and potential toxicity due to improper coordination, the protein ferritin has emerged as the checkpoint protein
to store or remove excess iron and control the bioavailability as
required by the cells and ultimately to curb the cellular damage
and stress.9
Ferritin molecule is a well-characterized one with two dozen
protein subunits that form a shell symmetrically, which further
deﬁnes a cavity that can lodge up to 4500 iron atoms.10 In
native form, human ferritin is present as a heteropolymer
consisting of FTH1 (21 kDa) and FLT (20 kDa). The three
functional genes of ferritin are as follows: FTH, located on the
11th chromosome, encodes a 183 aa long, cytosolic heavy
chain; FLT, located on the 19th chromosome, encodes a 175
aa long cytosolic light chain; and FTMT, located on
chromosome 5, encodes a 242 aa precursor of mitochondrial
ferritin. The chief functions of ferritin are to stock up and
sequester excess ferrous iron to maintain the normal cellular
processes by keeping a halt on ROS production, iron
deposition, and protein aggregation and freeing up the reserved
iron required by the cellular processes.1 Free ferrous (Fe II)
iron reacts with hydrogen peroxide by the Fenton reaction,
generating ROS; hence, it is destructive. It creates an oxidative
stressed environment and attacks proteins, lipids, and nucleic
acids. Ferritin protects cells against radicals formed by ironmediated processes by seizing iron in an inactive redox form.
The reserved iron is available as per the cellular demands.
However, the regulation of iron released by ferritin needs more
research to ﬁnd an exact explanation. Many investigations
indicate that the iron release is mediated by hydrophobic
channels.11
Alzheimer’s disease is characterized by the early loss of
memory followed by language disorders, loss of direction, and
excessive anxiety, becoming dominant as the condition
worsens; the disease occurs mostly in elders.12 AD is generally
classiﬁed into two types: (1) early-onset/familial AD (FAD)
and (2) sporadic AD (SAD).13 Mental functions such as
emotional and behavioral aspects, cognition, etc., become
extremely low and miscoordinated, leading to loss of body
function gradually.14 The two signiﬁcant hypotheses related to
the AD development mechanism are the amyloid cascade
hypothesis and neuroﬁbrillary tangles hypothesis.4 Recent
studies have demonstrated that Aβ and tau act synergistically
to disrupt neural circuits that lead to cognitive decline in AD.15
The second theory, which another group of researchers
supports, correlates inﬂammation to metals and is known as
the metal ion hypothesis, which contributes immensely to the
mechanism of the disease. The inﬂammation theory gained the
limelight because of the level of microglia and activated
astrocytes in AD patients’ brains together with elevated
expression levels of TNF-a, IL-6, IL-1b, and other inﬂammatory factors.16
With extensive ongoing researches across the globe, it was
also concluded that the steady-state dysregulation of metal ion
metabolism in vivo is linked with AD. Imbalances in the metal
levels in the AD brain were reported in various reports, which
were coupled with metal-induced oxidative damage, stressing
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the crucial importance of metal dyshomeostasis in AD
development and progression.17,18 The association of AD
with metals such as iron, copper, aluminum, zinc, and
magnesium has been reported previously in the literature.19
Metal ions can inﬂuence neuronal metabolism, promoting Aβ
deposition and an increase in oxidative stress.20 AD has a
multifactorial etiology, with key risk factors being age and
familial background. Many epidemiological studies suggest the
role of metal ions (iron homeostasis and copper), prior head
injuries, and low educational status.21 Investigations on metal
homeostasis imbalances also highlight that the imbalance can
lead to neuronal dysfunction and death.22,23 Iron is a critical
player in many physiological activities, and hence, its deﬁciency
during the development of the brain leads to irreversible
damage and a halt in brain development. Iron overload, on the
contrary, creates a neurotoxic environment in the brain that
aﬀects normal brain function. Besides, ferritin contributes as a
blood biomarker for preclinical AD.24 Another section of
literature reported high concentrations of CSF ferritin,
encouraging a possibility of iron-mediated Aβ deposition and
progression of the disease. Excessive iron leads to Aβ plaque
formation in the brain; the iron load leads to hyperphosphorylated tau in the brain, a major cause of several
tauopathies.25,26
Flavonoids are the most common polyphenolic compounds
present in the human diet. They are known to exert multiple
neuroprotective actions that include the ability to shield
neurons against neurotoxin-induced injury27 and to protect
against neuroinﬂammation,28 and are potent to enhance
memory and learning and promote cognitive functions.29
Flavonoids have been shown to enter the brain30 and inhibit
inﬂammatory processes carried out by glial cells.27 Citrus fruits
have been studied for their anti-inﬂammatory, antitumor,
anticarcinogenic, and other biological activities.31−33 The
ﬂavanone naringenin (4′,5,7-trihydroxyﬂavanone-7-rhamnoglucoside or naringenin-7-rhamnoglucoside) has a restricted
distribution, is speciﬁc to citrus fruits, and is predominant in
grapefruit, which makes up 10% of the dry weight and is
responsible for the bitterness of the fruit juice.34
The ﬂavanone weakens TNFα production and iNOS
expression in glial cells, showing strong anti-inﬂammatory
potential. Moreover, naringenin shows protective action
against inﬂammation resulting in neuronal death in the
primary neuronal co-culture system of the glial cells.35
Naringenin is also reported to inhibit LPS/IFN-c-induced
p38 mitogen-activated protein kinase (MAPK) and signal
transducer and activator of transcription-1 (STAT-1), exerting
an anti-inﬂammatory eﬀect on the cells.36 When compared to
ascorbic acid, naringenin showed a higher protective eﬀect
against neuronal damages induced by Aβ plaques.36 The
polyphenol’s neuroprotective role was also studied in the 6OHDA model of PD;37 the compound exhibited antioxidative
properties and can penetrate the brain.38 When administered
in a mouse model with induced α-synuclein pathology,
naringenin showed a decrease in neuroinﬂammation and αsynuclein pathology with an increase in levels of dopamine and
dopamine transporters.39
Quercetin, the polyphenolic compound commonly found in
fruits and vegetables such as broccoli, onions, and apples,
shows good antioxidant, anti-inﬂammation,40 and anticancer41
potential and has shown an excellent biological property for
human health. Quercetin is well known to cross the blood−
brain barrier of in situ models.42 Additionally, quercetin shows
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a protective eﬀect in induced neurodegeneration in AD.43
Quercetin has a strong capacity to suppress the formation of
Aβ ﬁbrils and protect neuronal cells from Aβ-mediated
toxicity.44 The compound also improves catalase and superoxide dismutase activity,45 therefore preventing glutathione
depletion.46 Moreover, it was investigated that quercetin curbs
the neuronal death in the hippocampus, resulting in enhanced
learning and improved memory.47 When assembled, these
chunks of evidence point out the possibility of the polyphenol
quercetin exerting an eﬀect on the central nervous system.
Here, we have explored the molecular interaction and
binding mechanism of quercetin and naringenin with ferritin
utilizing structure-based molecular docking and molecular
dynamics (MD) simulations. The MD simulation studies,
principal component analysis (PCA), and free energy landscape (FEL) analyses were performed to evaluate the structural
ﬂexibility and dynamic stability of ferritin in the presence of
quercetin and naringenin. The all-atom MD simulations for
100 ns on the apo form of ferritin and its complexes with
quercetin and naringenin were performed to describe their
interaction and conformational changes under explicit solvent
conditions. This study delivers an atomistic insight into the
binding mechanism of quercetin and naringenin with ferritin
utilizing state-of-the-art computational approaches.
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Figure 1. Ferritin interaction with quercetin and naringenin. (a)
Cartoon diagram of ferritin showing close interactions with quercetin
(green) and naringenin (cyan). (b) Electrostatic surface potential of
ferritin in complex with quercetin (green) and naringenin (cyan).

2. RESULT AND DISCUSSION
2.1. Molecular Docking. The analysis of docking results
suggests that quercetin and naringenin bind to ferritin with an
appreciable aﬃnity and make several close contacts. The
selected binding poses of quercetin and naringenin show an
estimated docking score with ferritin of −9.0 kcal/mol and
−8.7 kcal/mol, respectively. Quercetin and naringenin show
pKi values of 6.21 and 5.36, respectively. They possess LE
values of 0.31 and 0.29 kcal/mol, respectively, which show
their good binding eﬃciency. The detailed interaction analysis
of all generated docked conformers of both compounds
(quercetin and naringenin) toward ferritin shows diﬀerent
close interactions. We have selected those conformers that
bind with the critical residues of the ferritin binding pocket.
The selected docked conformers of quercetin and naringenin
show many close interactions with the ferritin binding pocket
residues such as Arg22, Asn25, Tyr29, Asp89, and Ser113. The
binding poses of quercetin and naringenin with ferritin and
their interactions are shown in Figures 1 and 2.
The binding of quercetin and naringenin with ferritin was
stabilized by many interactions which were further exploited by
doing a detailed analysis. The analysis suggests that both
compounds oﬀer many interactions with the functionally
important residues of ferritin. It can be seen from Figure 2 that
quercetin and naringenin pointedly interact with many
essential residues, including a few close contacts. Quercetin
makes three hydrogen bonds with Tyr29, Asn109, and Ser113,
and many other noncovalent interactions (Figure 2a).
Quercetin and naringenin bind near the diiron center of
ferritin, where a set of reduced ﬂavins (RBFH2 and FMNH2)
is docked and shows a similar mode of interaction.48 The
quercetin and naringenin binding residues were also found to
interact with triethylene glycol (PDB ID: 5UP9) and
bis(azanyl)-chloranyl-oxidanyl-platinum (PDB ID: 5N26), as
discovered in their co-crystallization with ferritin. Both
compounds (quercetin and naringenin) bind near Glu27 and
Glu62, residues known to bind with iron.49 Quercetin and
naringenin bind into the ferritin’s surface cavity with virtuous

Figure 2. LigPlot interactions of (a) quercetin and (b) naringenin
with ferritin.

complementarity (Figure 1b). Quercetin and naringenin act as
good binding partners of ferritin, which can be further
exploited in related medical applications.
2.2. MD Simulations. MD simulation methods have been
utilized as an accompaniment to laboratory experiments to
explore the binding mechanism and conformational behavior
of proteins and their potential inhibitors. Here, to understand
the structural behavior of ferritin and its interaction with
quercetin and naringenin, we have performed MD simulation
studies for 100 ns. First, to determine the equilibration and
system stability during the simulations, we have calculated the
potential energy of the apo ferritin, ferritin−quercetin, and
ferritin−naringenin systems. We have estimated the potential
energy for the apo form of ferritin, ferritin−quercetin complex,
and ferritin−naringenin complex as −950,856, −950,742, and
−950,566 kJ/mol, respectively. Other MD parameters such as
RMSD, RMSF, Rg, SASA, etc., were also estimated after
completing the simulation process (Table 1).
2.2.1. Structural Deviations and Compactness. Studying
the root-mean-square deviation (RMSD) has allowed us to
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Table 1. MD Parameters of the Apo Form of Ferritin and Its Complexes with Quercetin and Naringenin
system

RMSD (nm)

RMSF (nm)

Rg (nm)

SASA (nm2)

kinetic energy

volume (nm3)

density (g/L)

ferritin
ferritin−quercetin
ferritin−naringenin

0.28
0.30
0.24

0.15
0.12
0.13

1.83
1.80
1.82

107.66
104.50
107.01

152,341
152,382
152,346

616.89
617.03
616.99

1011.99
1012.28
1012.12

related to the residues of a loop and helix region (∼aa130−
aa150), while the reduced ﬂuctuations are related to the ligandbinding site. The RMSF values are reduced when ferritin is
bound to quercetin and naringenin. Overall, the RMSF plot
indicated that the residual ﬂuctuations are minimized in the
region where quercetin and naringenin bind (Figure 3b).
To further comprehend the structural stability of ferritin
before and after binding of quercetin and naringenin, we
studied the compactness parameter of the structure by ﬁguring
the radius of gyration (Rg). The Rg plot shown in Figure 3c
demonstrates that ferritin’s structural dynamics remain stable
during the simulation period. The structural integrity of all
three systems was intact, with average Rg values for ferritin,
ferritin−quercetin complex, and ferritin−naringenin complex
of 1.83, 1.80, and 1.82 nm, respectively. A slight decrement in
the Rg values of ferritin while in complex with quercetin and
naringenin signiﬁes its stable structural dynamics. We did not
observe any structural switching in ferritin in the presence of
quercetin and naringenin and attained stable Rg equilibrium
throughout the simulation period (Figure 3c).
To examine the eﬀect of quercetin and naringenin binding
on the hydrophobic core and solvent accessibility of ferritin, we
have calculated the solvent-accessible surface area50 for the
simulation trajectory. We have calculated the SASA of the apo
form of ferritin, ferritin−quercetin complex, and ferritin−
naringenin complex to study their conformational behavior
during the simulation. There was no signiﬁcant change to
ferritin’s SASA observed after the binding of quercetin and
naringenin. The SASA values for ferritin, ferritin−quercetin
complex, and ferritin−naringenin complex were estimated to
be 107.66, 104.50, and 107.01 nm2, respectively. The SASA for
the 100 ns simulation trajectory is plotted in Figure 3d,
suggesting the ferritin−naringenin complex as the apo form of
ferritin with minimal changes. Overall, the SASA of ligandbound systems seems to attain a stable equilibrium without any
major peak during the simulation, signifying the stability of
ferritin compactness in the presence of quercetin and
naringenin.
2.2.2. Dynamics of Intra/Intermolecular Interactions.
Hydrogen bonds (H-bonds) formed within a protein are key
pillars of its structural stability.51 H-bond analysis is used to
study the stability of protein structures and their binding with
diﬀerent ligands.51 H-bonds that form the primary interactions
within ferritin intramolecularly are shown in Figure 4

analyze the dynamic behavior, including ligand-induced
conformational changes in the ferritin structure. Three MD
simulations (two for ferritin complexed with quercetin and
naringenin and one for the apo form of ferritin) were
performed. The resulting RMSD graph was explored to assess
the ligand-induced conformational changes in the ferritin
structure. The average values of RMSD for apo ferritin,
ferritin−quercetin complex, and ferritin−naringenin complex
were found to be 0.28, 0.30, and 0.26 nm, respectively (Table
1). Figure 3a shows that quercetin and naringenin induce

Figure 3. Structural dynamics and compactness of ferritin as a
function of time. (a) RMSD plot of ferritin before and after quercetin
and naringenin binding. (b) Residual ﬂuctuation plot of ferritin and
its docked complex with quercetin and naringenin. T1 and T2
represent turns, L3 is the loop-3 region, and H5 represents helix-5 in
ferritin. (c) Time evolution of the radius of gyration. (d) SASA plot of
ferritin as a function of time.

minimal conformational changes in the ferritin structure. A
slight increment in the RMSD values of the apo form of ferritin
signiﬁes the initial structural adjustment during the simulation
process. The RMSD of the ferritin−quercetin complex shows
higher mobility compared with that of the apo form of ferritin
and the ferritin−naringenin complex. The RMSD plot suggests
that the ferritin−naringenin complex obtains less mobility
since its RMSD values are lesser than those of the apo form of
ferritin. The RMSD values of ferritin in the presence of
quercetin and naringenin suggest no signiﬁcant changes that
are equilibrated without any switching throughout the
simulation. Overall, the RMSD plot signiﬁes durable stability
of the ferritin−quercetin and ferritin−naringenin complexes
(Figure 3a).
Along with the RMSD analysis, we also plotted the RMSF
values generated for the apo form of ferritin and its complexes
with quercetin and naringenin (Figure 3b). These RMSF
values were plotted for each residue in the ferritin backbone in
its apo form and after binding of quercetin and naringenin over
the simulation. The RMSF plot indicates that the ﬂuctuations
of the residues are reduced for the ferritin structure while in
the presence of both compounds (quercetin and naringenin) as
compared to the apo form. The higher ﬂuctuations in the case
of ferritin−quercetin and ferritin−naringenin systems are

Figure 4. (a) Time evolution and stability of hydrogen bonds formed
intramolecularly within ferritin. (b) The probability of distribution of
hydrogen bonding as PDF.
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essential subspace. The dynamic motion of ferritin in the apo
form, ferritin−quercetin complex, and ferritin−naringenin
complex obtained through the projection of EV1 and EV2
by the ferritin Cα atoms is illustrated in Figure 6a. The plot

accordingly. The intramolecular H-bonding study was carried
out to conﬁrm the stability of ferritin after quercetin and
naringenin binding. Here we found that quercetin and
naringenin do not appear to disrupt the H-bonding within
ferritin. The average numbers of intramolecular H-bond
dynamics in the apo form of ferritin, ferritin−quercetin, and
ferritin−naringenin were found to be 153, 156, and 156,
respectively (Figure 4a). A slight increment in intramolecular
H-bonding of ferritin after quercetin and naringenin binding is
portentous to the higher compactness of some intramolecular
space within the protein. We have also calculated the
probability density function (PDF) of intramolecular Hbonds during the simulation, which displays that the complexes
of ferritin−quercetin and ferritin−naringenin are quite stable
during the simulation as compared with the apo form of ferritin
(Figure 4b).
Furthermore, to understand whether quercetin and
naringenin bind to ferritin in the same manner or not as
depicted by the docking study, the intermolecular H-bonds
formed between quercetin and naringenin and the residues
lining the binding pocket of ferritin were calculated for the
simulation trajectory. We have calculated and plotted the Hbonds formed between quercetin and naringenin with ferritin
paired within 0.35 nm, suggesting the complex stability (Figure
5). The analysis shows that quercetin and naringenin bind with

Figure 6. Principal component analysis. (a) Two-dimensional
projections of trajectories on eigenvectors showed diﬀerent
projections of ferritin. (B) The projections of trajectories on
eigenvectors concerning time.

shows that the ferritin−quercetin and ferritin−naringenin
complexes occupied notably diﬀerent conformations within
the reduced subspace as compared to the free ferritin. It is
outward from the PCA plot that the collective motions of the
ferritin−naringenin complex are localized in a small subspace
compared to the ferritin−quercetin complex. Figure 6b shows
that the overall ﬂexibility of the ferritin while in the presence of
quercetin and naringenin was decreased at PC1 with a
signiﬁcant overlapping of stable clusters with ferritin in the
apo form. The PCA analysis suggests that ferritin in complex
with quercetin and naringenin is quite stable with decreased
dynamics of its conformational motions.
The FELs deliver a precise portrayal of a protein’s most
stable conformational ensembles, which are certainly important
to study the conformational changes underlying protein−
ligand interactions. The FEL plots were constructed and
analyzed using the ﬁrst two EVs of the apo form of ferritin and
its complexes with quercetin and naringenin. Figure 7 displays
the FELs of ferritin, ferritin−quercetin complex, and ferritin−
naringenin complex where the deeper blue indicates the stable
conformational states having lower energy. Ferritin has overall
a single global minimum conﬁned within a single local basin
with the lowest energy. This global minimum, in the case of
the ferritin−quercetin and ferritin−naringenin complex,
acquired a wider basin. The conformational ensemble derived
from FEL shows that ferritin, while complexed with quercetin
and naringenin, clustered in the diﬀerent wider basins
distributed along the PC1 compared to the apo form of
ferritin. The FEL analysis suggests that the presence of
quercetin and naringenin aﬀects the size and the position of
the sampled energy basin of ferritin with a stable equilibrium
(Figure 7b,c).

Figure 5. Time evolution and stability of hydrogen bonds formed
intermolecularly between ferritin and (a) quercetin and (b)
naringenin (right panel shows the probability of distribution of
hydrogen bonds as PDF).

ferritin with four to six H-bonds with higher ﬂuctuation and
two to three H-bonds with stability throughout the simulation.
We can see that two to three intermolecular interactions were
shared by quercetin and naringenin to ferritin with relative
stability. PDF of intermolecular H-bonds also suggests that two
H-bonds are established between quercetin and naringenin and
ferritin with higher distribution (Figure 5, right panels).
2.3. Principal Component and Free Energy Landscape Analysis. Protein function is governed by the collective
atomic motions and gaining diﬀerent conformations. To study
the collective motion of ferritin before and after binding with
quercetin and naringenin occupied in the conformational
subspace during the simulation, we performed principal
component analysis (PCA) by the projection of the PC1 and
PC2 using the GROMACS utilities, i.e., gmx anaeig and gmx
covar. The eigenvalues were extracted corresponding to each
eigenvector (EV) where the EV1 and EV2 were considered by
diagonalizing the covariance matrix of EVs to outline the

3. CONCLUSIONS
To sum up, utilizing the molecular docking and MD simulation
approach, we have explored the binding mechanism of
quercetin and naringenin with human ferritin. We have
explored their potential as lead compounds for therapeutic
development against AD. In silico analysis using structurebased molecular docking, and dynamic simulation of quercetin
and naringenin with ferritin gives an insight into their
interaction mechanism. The docking results showed that
quercetin and naringenin eﬀectively bind to ferritin with many
close interactions. MD simulations, PCA, and FEL analyses
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Figure 7. The Gibbs energy landscapes were obtained during 100 ns MD simulation for (a) free ferritin, (b) ferritin−quercetin complex, and (c)
ferritin−naringenin complex.

explained the stable binding of quercetin and naringenin with
ferritin without inducing any signiﬁcant conformational
changes throughout the trajectory. We proposed that the
studied natural compounds quercetin and naringenin can
further be explored as potential leads targeting ferritin to
develop therapeutics for AD treatment.

ferritin. Here, we have carefully chosen the docked poses of
quercetin and naringenin, which critically interact with
essential residues of ferritin.
We have also calculated the inhibition constant (pKi), which
is a negative decimal logarithm of the inhibition constant that
comes from the ΔG parameter of the docking result. The pKi
value of both compounds was calculated using the following
formulae:

4. MATERIALS AND METHODS
4.1. Computational Resources. To perform computerassisted molecular docking and simulation studies, several
bioinformatics tools such as InstaDock,52 Discovery Studio
Visualizer,53 and GROMACS suite54 were utilized on a DELL
Tower 7810 workstation. For visualization and analysis
purposes, PyMOL,55 Visual Molecular Dynamics,56 SwissPDB
Viewer,57 and QtGrace58 were utilized. Several web-based
tools and resources such as the RCSB Protein Data Bank
(PDB),59 ZINC database,60 SwissADME,61 and PRODRG62
were utilized in data retrieval, evaluation, and analysis. The
three-dimensional structural coordinates of human ferritin with
resolution of 1.52 Å were downloaded from the PDB with the
identiﬁer 3AJO.49 The structure was reﬁned further using
Swiss PDB-Viewer57 and M.G.L. AutoDock tools.63 Threedimensional structures of quercetin and naringenin were
downloaded from the PubChem database.64
4.2. Molecular Docking. Three-dimensional coordinates
of the human ferritin structure were downloaded from the
PDB (PDB ID: 3AJO, resolution: 1.52 Å). All heteroatoms
including water molecules were deleted from the parent
structure and reﬁned further using the Swiss-PDB Viewer and
the M.G.L. AutoDock tools. The energy minimization was
carried out in vacuo with the GROMOS 43B1 force ﬁeld in the
Swiss-PDB Viewer prior to the docking study. The energy was
found to be −9415.97 and −12,417.81 kJ/mol before and after
energy minimization, respectively. InstaDock was used for
docking where the search space was blind for quercetin and
naringenin with a grid size of 50, 50, and 60 Å, centralized at
39.11, −9.80, and 29.02 for x, y, and z coordinates,
respectively. InstaDock uses QuickVina-W, a modiﬁed and
faster version of AutoDock Vina. The structural coordinates of
quercetin and naringenin were downloaded from the
PubChem database with compound CID 5280343 and 932,
respectively. The docking result was screened for higher
binding aﬃnity. All docked conformations of docked quercetin
and naringenin were then split through the ″splitter″ module
in InstaDock and further analyzed using PyMOL and
Discovery Studio Visualizer for their detailed interaction with

ΔG = RT (LnKi pred)

(1)

Ki pred = e(ΔG / RT )

(2)

pK i = −log(Ki pred)

(3)

where ΔG is the binding aﬃnity (kcal/mol); R is the gas
constant, 1.98 cal*(mol*K)−1; T is the room temperature,
298.15 K; and pred indicates predicted.
Ligand eﬃciency (LE) is one of the useful parameters used
in lead selection by comparing the values of average binding
energy per atom.65 Here, we calculated the LE of quercetin and
naringenin utilizing the following formula:

LE = −ΔG /N
where LE is the ligand eﬃciency (kcal mol−1 non-H
atom−1), ΔG is the binding aﬃnity (kcal/mol), and N is the
number of nonhydrogen atoms in the ligand molecule.
4.3. MD Simulations. MD simulations were carried out on
the apo ferritin and ferritin−ligand complexes (ferritin−
quercetin and ferritin−naringenin) using the GROMOS
54A7 force ﬁeld implemented in GROMACS-2020. The
quercetin and naringenin parameters were generated utilizing
the PRODRG server. Each protein−ligand complex was
centralized in a virtual cubic box with a 10 Å distance to the
edges and solvated in the TIP3P model. An appropriate
number of counterions (Na+ and Cl−) were added for
neutralization. The resulting systems were energy-minimized
by the steepest descent approach for 5000 steps to avoid any
steric clashes in the systems. The NVT ensemble and NPT
ensemble equilibration was performed for 200 ps at a
temperature of 300 K and pressure of 1 bar for each system.
The integration steps were set at 2 fs, where snapshots were
recorded at every 10 ps for 100 ns of simulation. This
simulation was performed on a DELL Tower 7810 machine
enabled by Ubuntu 2020. The resulting MD trajectories were
utilized through the inbuilt tools of GROMACS for analysis
purposes. The visualization and graph plotting were done using
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VMD (Visual Molecular Dynamics) and QtGrace tools. PCA
and FEL analyses were performed using the gmx covar and
gmx-sham utilities of GROMACS.
4.4. Principal Component Analysis. Proteins regulate
their functions via entering in diﬀerent conformations. The
overall conformational change is governed by the collective
movements of the atoms in a protein. To explore the
conformational changes in ferritin, ferritin−quercetin, and
ferritin−naringenin docked complex, PCA was carried out
utilizing the essential dynamics (ED) approach. To examine
the collective motion of ferritin and its docked complexes with
quercetin and naringenin occupied in the conformational
subspace during the simulation, this approach employs the
calculation of the covariance matrix by the projection of the
ﬁrst two principal components (PCs), PC1 and PC2, using the
following formula:66
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Cij = <(xi − <xi > )(xj − <xj > )>

where xi/xj is the coordinate of the ith/jth atom of the protein
and <−> is the ensemble average.
The FELs are explored to understand the folding/unfolding
behavior of a protein by examining structural conformations
near the native state.67 We utilized a conformational sampling
approach to get FELs to attain apo ferritin, ferritin−quercetin,
and ferritin−naringenin docked complex to examine their
folding stability and native states. The FELs were generated
using conformational sampling through the following calculation:
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ΔG(X ) = −KBT ln P(X)

where KB represents the Boltzmann constant, T represents
temperature, and P(X) represents the probability distribution
of the system along with the PCs.
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