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Abstract
The neuroprotective property of quercetin is well reported against hypoxia and ischemia in past stud-
ies. This property of quercetin lies in its antioxidant property with blood-brain barrier permeability and 
anti-inflammatory capabilities. μ-Calpain, a calcium ion activated intracellular cysteine protease causes 
serious cellular insult, leading to cell death in various pathological conditions including hypoxia and isch-
emic stroke. Hence, it may be considered as a potential drug target for the treatment of hypoxia induced 
neuronal injury. As the inhibitory property of μ-calpain is yet to be explored in details, hence, in the present 
study, we investigated the interaction of quercetin with μ-calpain through a molecular dynamics simula-
tion study as a tool through clarifying the molecular mechanism of such inhibition and determining the 
probable sites and modes of quercetin interaction with the μ-calpain catalytic domain. In addition, we also 
investigated the structure-activity relationship of quercetin with μ-calpain. Affinity binding of quercetin 
with μ-calpain had a value of –28.73 kJ/mol and a Ki value of 35.87 μM that may be a probable reason to 
lead to altered functioning of μ-calpain. Hence, quercetin was found to be an inhibitor of μ-calpain which 
might have a possible therapeutic role in hypoxic injury.

Key Words: nerve regeneration; quercetin; µ-calpain; molecular docking; molecular dynamics simulation; 
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Introduction
Calpain belongs to the group of intracellular cysteine prote-
ases that need calcium ions for their activation (Nakagawa 
and Yuan, 2000). Even though their physiological role is still 
incompletely understood, several lines of evidence supports 
their implication in a variety of calcium-regulated cellular 
processes such as signal transduction, cell proliferation, cell 
cycle progression, differentiation, apoptosis, membrane fu-
sion, and platelet activation (Sorimachi and Ishiura, 1997; 
Goll et al., 2003; Suzuki et al., 2003; Glantz et al., 2007). The 
disturbance in the regulation of calpain activity also con-
tributes to various pathological conditions such as neuronal 
degeneration and Alzheimer’s disease (Huang and Wang, 
2001; Suzuki et al., 2003). Calpain 1 (microcalpain or μ-cal-
pain) and calpain 2 (milli calpain or m-calpain) are among 
the best characterized calpains that show widest tissue dis-
tribution among the members of this family. These calci-
um-dependent cysteine proteases play a significant role in 
a huge set of intracellular processes (Carafoli and Molinari, 
1998; Wang, 2000; Huang and Wang, 2001) particularly in 
the selective proteolysis of factors involved in the cell cycle 
(Raynaud et al., 2004), during apoptosis in association with 
caspases (Yamashima, 2004) or in the cleavage of mem-
brane-cytoskeleton complexes during cell motility phases 

(Lebart and Benyamin, 2006). There is evidence that the 
increased production of free radicals and modifications in 
detoxifying enzymes also lead to apoptosis in cultured rat 
forebrain neurons exposed to transient hypoxia and can be 
prevented by antioxidants (Ishige et al., 2001; Lievre et al., 
2001). 

In recent years, neutraceutical (polyphenolic phytochem-
icals i.e., flavonoids) such as quercetin has gained much 
attention for its use as a potent drug targeting hypoxia and 
ischemic insult. The molecular structure of quercetin has 
been shown in Figure 1. Flavonoids have been reported to 
exhibit antioxidant activity by three mechanisms: (1) in-
creasing intracellular glutathione (GSH) levels, (2) scaveng-
ing reactive oxygen species (ROS), (3) blocking Ca2+ influx 
(Ishige et al., 2001). The anti-oxidant properties of the fla-
vonoids have shown neuroprotective effects in the brain. In 
spite of its in vitro anti-oxidant property and cytoprotective 
activity in cell cultures, it has also been reported that quer-
cetin showed beneficial effects in ischemia mediated cerebral 
injury (Dajas et al., 2001). The tremendous potential of 
quercetin to inhibit cancer is also well documented (Seufi et 
al., 2009). Therefore, in the present study, the effect of quer-
cetin on μ-calpain was investigated by molecular docking 
and molecular dynamics simulation as tools. 
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Computational Methods 
Molecular docking
The molecular docking was performed using Autodock 4.0 
software (http://autodock.scripps.edu). The crystal structure 
of μ-calpain (pdb id. 2G8J) was obtained from Research 
Collaboratory for Structural Bioinformatics (RCSB) protein 
data bank (Cuerrie et al., 2006). The structures and smile 
notation of ligands quercetin was generated by ACDLAB 
free software (www.acdlabs.com) and pdb file was built by 
online smile translator (https://cactus.nci.nih.gov/translate). 
All hetero atoms, including water molecules, except calcium 
were removed from pdb file of calpain. 

Addition of hydrogen atoms to the calpain molecule and 
merging of all non polar hydrogen atoms were performed 
using Autodock program. Search parameters were based on 
adaptive local search using Lamarkian genetic algorithm. 
Short range vanderwaal and electrostatic interactions, hy-
drogen bonding, entropy losses were considered for energy 
based Autodock scoring function (Morris et al., 1998; Sud-
hamalla et al., 2010). The lamarkian GA parameters used 
in the study were: number of runs, 30; population size, 200; 
maximum no. of evals, 2,500,000; number of generations, 
27,000; rate of gene mutation, 0.02 and crossover rate, 0.8. 
Blind docking was carried out using grid size 126, 126, 126 
along the X, Y and Z axes with 0.0469 nm spacing. The grid 
center was set to –0.9193, 0.1203 and –1.29 nm, respectively. 

Molecular dynamics simulation in water 
Molecular dynamics (MD) simulation of the complex was 
carried out with the GROMACS 4.5.4 package (http://www.
gromacs.org/) with GROMOS96 43A1 force field (Van 
Gunsteren et al., 1996; Lindah et al., 2001). Lowest binding 
energy obtained from Autodock i.e., docking conformation 
with most negative denomination was taken as initial con-
formation to carry out the molecular dynamics simulation 
study. The Gromacs program was used to generate topology 

Figure 1 Structure of quercetin a polyphenol used as ligand for
docking with µ-calpain.

parameters of proteins while the Dundee PRODRG serv-
er (http://davapc1.bioch.dundee.ac.uk) was used to build 
the topology parameters of quercetin. The complex was 
immersed in an octahedron box of extended simple point 
charge (SPC) water molecules (Grand and Owen, 1991; 
Schuler et al., 2001). The solvated system included μ-calpain, 
quercetin and water was neutralized by adding 8 Na+ ions. 
Energy minimization was performed using the steepest de-
scent method of 10,000 steps followed by the conjugate gra-
dient method for 10,000 steps to release conflicting contacts. 
As molecular dynamics simulation studies consist of equili-
bration and production phases therefore in the first stage of 
equilibration, the solute (protein, counter ions, and querce-
tin) was fixed and the position-restrained dynamics simula-
tion of the system was intervened. Lastly, the full system was 
subjected to MD production run at 26.85°C temperature 
and 1 bar pressure with isotropic molecule based scaling for 
10,000 ps. PYMOL (www.pymol.org) was used to generate 
all the structural images.

Results 
Molecular docking 
Quercetin binds with the active site having higher negative 
binding energy of –28.74408 kJ/mol with a Ki value of 35.87 
μM. Binding energy was calculated as the summation of four 
different energies in terms of intermolecular energy, total 
internal energy, torsional free energy and unbound system 
energy. The intermolecular energy includes van der Waals, 
hydrogen bond, desolvation energy, and electrostatic ener-
gy. Quercetin was found to be engaged in H-bonding with 
active site residues Glu 72, Ser 206, Gln 109 and Trp 298 as 
shown in Figure 2.

Comparative docking studies resulting from docking with 
known potent synthetic inhibitor (alpha-mercaptoacrylic 
acid derivative, i.e., PD151746 and PD150606) as shown in 
Figure 3 and Table 1, we revealed that the binding energies 
of PD151746 and PD150606 with μ-calpain were found to 
be significantly lower than that of quercetin which clearly 
indicates the strong inhibitory property of natural polyphe-
nol quercetin. Wang et al. (1996) previously reported that 
alpha-mercaptoacrylic acid derivative such as PD151746 and 
PD150606 were selective nonpeptide cell-permeable calpain 
inhibitors and had a neuroprotective role. In comparative 
docking, PD151746 was engaged in H-bonding with active 
site residue Arg 326 of μ-calpain with –17.82384 kJ/mol bind-
ing energy and a Ki value of 759.23 μM whereas PD150606 
was engaged in H-bonding with active site residue Lys 79 
of μ-calpain with –16.98704 kJ/mol binding energy and a 
Ki value of 1.05 mM (Table 1). These findings suggest that 
the affinity of quercetin with μ-calpain active site as an 
inhibitor is higher than that of other synthetic inhibitors 
which enhances the applicability of quercetin as a potent 
calpain inhibitor against ischemic injury. On the basis of this 
comparative study and our previous in vitro study in which 
we explored the possible neuroprotective role of quercetin 
under different hypoxic conditions (Pandey et al., 2013), we 
further carried out a molecular dynamics simulation study 
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involving μ-calpain-quercetin complex.

Molecular dynamics simulation
μ-Calpain-quercetin complex with –26.73576 kJ/mol 
binding energy was obtained by molecular docking using 
Autodock and further processed for a molecular dynamics 
simulation study. A molecular dynamics simulation study 
represents a suitable method for examining the transfor-
mations in gestures of residues/atoms that are exposed to 
structural and chemical changes. In the present study, we 
considered the time-dependent activities of molecular dy-
namics trajectories for μ-calpain and ligand including root 
mean square deviation (RMSD) for whole backbone atoms 
and ligand along with the average residue fluctuations of the 
residues (RMSF). The RMSD of backbone atoms was cal-
culated with respect to their initial conformation and μ-cal-
pain-quercetin complex was changed with time to judge the 
effect of the binding of the ligand with their conformational 
stability of μ-calpain-quercetin complex throughout the 
simulation.

The RMSD trajectories were captured at every 0.5 ps until 
the simulation time reached 10,000 ps. The RMSD trajec-
tories were found to vary from 0.18 nm to 0.39 nm in the 
unbound state of protein whereas 0.21 nm to 0.29 nm in the 
bound state of protein i.e., μ-calpain-quercetin complex. In 
case of unbound state of μ-calpain a sequential increase pro-
file was observed at ~3,770 ps with slight up and down activ-
ities. After down movement for very small interval, sequen-
tial increase was observed again at 4,300 ps and reached to 
0.38 nm at 10,000 ps. The RMSD analysis of μ-calpain-quer-
cetin complex indicates the stability of complex with minor 
elevation in activity, i.e., 0.35 nm on 5,400 ps and 0.29 nm at 
10,000 ps while RMSD analysis of quercetin showed notable 
stability throughout the simulation as shown in Figure 4.

The thermodynamic stability of the complex was deter-
mined on the basis of the fluctuation in potential energy. 
The trajectories of potential energy were found to be higher 
as compared to unbound protein with persistent values of 
change up and down for the μ-calpain-quercetin complex 
during the entire simulation as shown in Figure 5. The 
number of H-bonds formed during MD simulation between 
quercetin and μ-calpain was also calculated and variable 
profile was observed which fluctuated between 0 and 4 with 
an average value of 1.12 (Figure 6).

To define the effect of quercetin on the folding of μ-cal-
pain, radius of gyration (Rg) of μ-calpain and quercetin 
was investigated. Rg values of complexes were observed 
with approximate similarity with endless ups and downs 
during simulation run represented in Figure 7. RMSF of 
backbone residues from its time averaged position was also 
analyzed to distinguish the flexible zones of the proteins. 
We observed that μ-calpain-quercetin complex flourished 
distinctly higher fluctuations in relation to μ-calpain itself 
as shown in Figure 8. 

By reducing the dimensionality of the data obtained from 
a molecular dynamics simulation study, one can identify the 
configurational space that contains a few degrees of  freedom 

in which an harmonic motion can occur. Principal compo-
nents analysis (PCA) helps take the trajectory of a molecular 
dynamics simulation and extracts the dominant modes in 
the motion of the molecule (Van Aalten et al., 1995; Amadei 
et al., 1996; Yamaguchi et al., 1998). In this methodology, the 
most important motions of the protein were extracted from 
the trajectory by principal component analysis of the Carte-
sian coordinate covariance matrix,  yielding eigenvectors and 
corresponding eigenvalues. The eigenvectors with the largest 
associated eigenvalues describes the indispensable subspace 
where most of the protein dynamics take place. The instant 
decay in the plot of sorted eigenvalues indicates that a small 
number of eigenvectors suffice to describe the motions of 
the μ-calpain i.e.,  the protein  backbone motion can be de-
scribed by a few essential  modes. Principal component anal-
ysis was applied to the backbone atoms in quercetin bound 
and unbound μ-calpain. Eigenvalues of the covariance ma-
trix resulting from the simulations of the μ-calpain-quercetin 
complex and μ-calpain are shown in Figure 9.

The correlation matrix describes the linear correlation 
between any pairs of backbone atoms as they move around 
their regular location during dynamics. At a qualitative level, 
a positive correlation between two atoms reflects a concerted 
motion along the same direction, whereas a negative cor-
relation indicates an opposite direction motion (Van Aalten 
et al., 1995). Analysis of correlation matrices of backbone 
revealed that quercetin binding reduces opposing correlated 
motion in μ-calpain as compared to unbound form (Figure 
10). Cross-correlations give us an idea to identify the most 
correlated, rationally correlated and negatively correlated re-
gions between fluctuated residues. In the backbone of μ-cal-
pain docked with quercetin (Figure 10), a highly negatively 
correlated motion was noticed as compared to the backbone 
of μ-calpain alone (Figure 10) which is due to the folding 
and conformational changes of hydrophobic groove of do-
main II. A large number of negatively charged residues of 
this loop bound to the calcium ion in distant proximity have 
been reported (Strobl et al., 2000). Our findings suggest that 
quercetin strongly binds to the hydrophobic dII domains 
and changes the structure with the induction of conforma-
tional changes.

Discussion
The myriad of calcium-dependent enzymes like neuro-
nal nitric oxide synthase (nNOS), calpain, phospholipase, 
xanthine oxidase, ligases and DNases are activated due to 
elevation in the level of intraneuronal Ca2+. These enzymes 
are involved in the synthesis of free radicals and catabolism 
of proteins, phospholipids and nucleic acids (Mehta et al., 
2007). Further, the inhibitory outcome of quercetin on cal-
cium mediated rise in NO levels (Pandey et al., 2012) also 
supports the neuroprotective effect following hypoxic insult. 
An elevation in intraneuronal Ca2+ serves as a signal for the 
initiation of Ca2+ calmodulin and protein Kinase C regu-
lated neuronal nitric oxide synthase (nNOS). Activation of 
nNOS produces nitric oxide (NO) which is a physiological 
mediator of vasodilation by elevating the level of 3′,5′-cyclic 
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guanosine monophosphate (cGMP) in vascular smooth 
muscles (Cornwell et al., 1994). 

Glutamate neurotoxicity might occur either due to the 
over activation of glutamate receptor or without activa-
tion of glutamate receptor  that results in the Ca2+ influx 

through the voltage gated Ca2+ channels (Das et al., 2005). 
These calcium influxes might help to activate calpain, a Ca2+ 
dependent cysteine protease and degrade the key cytoskele-
ton protein such as spectrin leading to apoptosis (Jatzke et 
al., 2002). Cao et al. (2007) reported that calcium dysregu-
lation is nearly a ubiquitous facet of calpain activation and 
neuronal cell death. Under the hypoxic condition, elevated 

Figure 2 Interaction of quercetin with active site residues of 
µ-calpain.
(A) Position of quercetin in binding pocket (having residues Glu 72, 
Ser 206, Gln 109 and Trp 298) of μ-calpain at dII domain for its inhibi-
tion. (B) Interaction of quercetin with catalytic triad of calpain (green 
color shows the interacting residue of calpain with quercetin (rainbow 
color). (C) Closer view of catalytic site (having residues Glu 72, Ser 206, 
Gln 109 and Trp 298) occupied by quercetin in μ-calpain. (D) Closer 
view of quercetin interacting with the side chain of active site residue 
(yellow dashes indicate hydrogen bonding with active site residues). 

Figure 3 Interaction of PD150606 with active site residues of 
µ-calpain.
(A) Position of PD150606 bound to active site residue Lys 79 of μ-cal-
pain. (B) Interaction of PD150606 with catalytic domain of calpain 
(pink color shows the interacting residue of calpain with PD150606 
(rainbow color). (C) Closer view of catalytic site occupied by PD151746 
by forming H-bond with residue ARG 326 (green color shows the in-
teracting residue of calpain with PD151746 (rainbow color). (D) Closer 
view of PD151746 interacting with the side chain of active site residue 
(yellow dashes indicate hydrogen bonding with active site residue). 

Figure 4 Plots of root mean square deviation (RMSD) of backbone of 
µ-calpain unbound (green), µ-calpain complex (black) and quercetin 
(red). 
RMSDs were calculated using the initial structures as templates. The tra-
jectories were captured at every 0.5 ps until the simulation time reached 
10,000 ps. The RMSD of complex is less than the unbound calpain.

Table 1 Comparative study with known potent synthetic inhibitors of µ-calpain

Sample 
number Protein PDB ID Ligand

Amino acid with position 
engaged in hydrogen bonding

Number of hydrogen 
bonds formed

Docking energy 
(kJ/mol)

Reference 
RMS

1 μ-Calpain 2G87 Quercetin Glu 72, Ser 206, Gln 109 and 
Trp 298

Four –28.74408 19.81

2 μ-Calpain 2G87 PD151746 ARG 326 One –17.82384 28.47

3 μ-Calpain 2G87 PD150606 Lys 79 One –16.98704 24.68

Figure 5  Potential energy profile of µ-calpain (green) and 
µ-calpain-quercetin complex (red) during 10,000 ps molecular 
dynamics simulation.
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Figure 7  Radius of gyration (Rg) of  µ-calpain unbound (black) and 
µ-calpain-quercetin complex (red).

Figure 6 Number of H-bonds formed between quercetin and 
µ-calpain during 10,000 ps molecular dynamics simulation. 
Significant number of H-bonds is 3 for 10,000 ps.

Figure 8  Root mean square fluctuations (RMSF) of µ-calpain 
backbone (black) and µ-calpain-quercetin backbone (red).

Figure 10 Covariance matrix of µ-calpain and µ-calpain-quercetin 
complex. 
The color scale runs from blue to red (–0.443 to 0.125) for μ-calpain 
whereas scale runs from blue to red (–0.578 to 0.131) for quercetin 
docked μ-calpain. 

Figure 11 Systematic representation of biochemical changes. 
Under hypoxic condition, increased production of reactive oxygen 
species overwhelms the antioxidant capacity. Lactic acidosis then occurs 
as a consequence of anaerobic metabolism due to which dissociated 
Ca2+ from the calmodulin activates calpain and leads to neuronal 
damage and apoptosis. 

Figure 9  Eigen values of the covariance matrix resulting from the 
simulations of the µ-calpain-quercetin complex (black) and µ-calpain 
(red). 
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level of ROS overwhelms the antioxidant capacity of neu-
rons. This in turn causes membrane lipid peroxidation 
and decreased mitochondrial membrane potential which 
leads to alterations in Ca2+ homeostasis, DNA damage and 
apoptosis. Lactic acidosis follows as a result of anaerobic 
metabolism due to which Ca2+ gets dissociated from calm-
odulin, further activating calpain and leading to neuronal 
damage and apoptosis. Concurrently, in the other pathways, 
changed osmolarity and ATP depletion due to hypoxia lead 
to necrosis. Earlier studies also suggest that activation of 
acid sensing ion channels can lead to an activation of calpain 
during hypoxic insult (Aki et al., 2002).

Calpain activation has a prominent role in neuronal cell 
death either by the elevation of glutamate level or hypoxia 
induced oxidative stress mediated calcium influx. In the 
brain, calpain I (μ-calpain) is mainly neuronal, existing at 
high levels in the dendrites and cell bodies, whereas relatively 
higher levels of calpain II (m-calpain) have been observed 
in axons and glia (Onizuka et al., 1995; Ozben et al., 2005). 
Although calpain is also found outside cells yet its function 
is not known (Adachi et al., 1990). Calpain II is generally 
activated in response to cellular signals, whereas calpain I is 
often active constitutively. Crystal structure analysis revealed 
that calpain has one larger and several smaller subunits. 
The larger subunit of calpain I (catalytic subunit) consists 
of 4 domains (d1–d4). Domain d2 formed active site which 
was mainly composed of Cys 115, His 272, Asn 296 and Trp 
residue at position 298 and these residues form a catalytic 
triad of calpain cysteine proteases (Khorchid and Ikura, 2002; 
Goll et al., 2003). We found that quercetin occupied the ac-
tive site of calpain by the hydrogen binding with active side 
residue Glu 72, Ser 206, Gln 109, Trp 298 during our docking 
study. The binding energy and Ki value of quercetin-calpain 
complex advocate their tendency of stable binding. It has 
been already well documented from our previous study 
that quercetin has antioxidant and Ca2+ adaptable capacity 
against hypoxic injury (Wang et al., 1996; Khorchid and Iku-
ra, 2002; Cuerrier et al., 2006; Khatri and Man, 2013; Pandey 
et al., 2013; Machado et al., 2015; Sundaramoorthy et al., 
2015; Lalkovicová and Danielisová, 2016; Tafani et al., 2016; 
Zeitouni et al., 2016). Quercetin having antioxidant and an-
ti-inflammatory properties along with ASIC1a reducing ca-
pacity proves to be a future molecule of choice for ischemic 
stroke therapy (Cuerrier et al., 2006; Khatri and Man, 2013; 
Pandey et al., 2013; Machado et al., 2015; Sundaramoorthy 
et al., 2015; Lalkovicová and Danielisová, 2016; Tafani et al., 
2016; Zeitouni et al., 2016). Present in silico studies suggest 
that quercetin might be a competitive inhibitor of calpain. 
The comparative binding energies of quercetin with two 
other known calpain inhibitors (PD151746 and PD150606) 
as shown in Table 1 reveal that quercetin might act as a po-
tential calpain inhibitor. The schematic representation of 
possible mode of neuroprotection of quercetin in hypoxic 
injury is shown in Figure 11 (Cuerrier et al., 2006; Khatri 
and Man, 2013; Machado et al., 2015; Sundaramoorthy et al., 
2015; Lalkovicová and Danielisová, 2016; Tafani et al., 2016;  
Zeitouni et al., 2016).

Taken together, the mechanism of stable quercetin-cal-

pain complex was proposed in the present study. This stable 
complex was obtained by molecular dynamic stimulation 
resulting in 4 H-bonds between μ-calpain and quercetin at 
residues Glu 72, Ser 206, Gln 109 and Trp 298 in binding 
pocket with the binding energy of –28.74408 kJ/mol. Such 
results showed strong binding and inhibition of μ-calpain 
which is a potent target in our concern for hypoxia, thus 
providing full proof evidence to support our efforts. On the 
basis of these observations, it can be hypothesized that quer-
cetin exhibits neuroprotective property by decreasing calpain 
activity against hypoxia mediated cellular insult.  
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