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Abstract: Matrix metalloproteinases 1 (MMP-1) energetically triggers the enzymatic proteolysis of
extracellular matrix collagenase (ECM), resulting in progressive skin aging. Natural flavonoids
are well known for their antioxidant properties and have been evaluated for inhibition of matrix
metalloproteins in human. Recently, (-)-epicatechin and proanthocyanidin B2 were reported as
essential flavanols from various natural reservoirs as potential anti-inflammatory and free radical
scavengers. However, their molecular interactions and inhibitory potential against MMP-1 are not yet
well studied. In this study, sequential absorption, distribution, metabolism, and excretion (ADME)
profiling, quantum mechanics calculations, and molecular docking simulations by extra precision
Glide protocol predicted the drug-likeness of (-)-epicatechin (−7.862 kcal/mol) and proanthocyanidin
B2 (−8.145 kcal/mol) with the least reactivity and substantial binding affinity in the catalytic pocket
of human MMP-1 by comparison to reference bioactive compound epigallocatechin gallate (−6.488
kcal/mol). These flavanols in docked complexes with MMP-1 were further studied by 500 ns molecular
dynamics simulations that revealed substantial stability and intermolecular interactions, viz. hydrogen
and ionic interactions, with essential residues, i.e., His218, Glu219, His222, and His228, in the active
pocket of MMP-1. In addition, binding free energy calculations using the Molecular Mechanics
Generalized Born Surface Area (MM/GBSA) method suggested the significant role of Coulomb
interactions and van der Waals forces in the stability of respective docked MMP-1-flavonol complexes
by comparison to MMP-1-epigallocatechin gallate; these observations were further supported by
MMP-1 inhibition assay using zymography. Altogether with computational and MMP-1–zymography
results, our findings support (-)-epicatechin as a comparatively strong inhibitor of human MMP-1
with considerable drug-likeness against proanthocyanidin B2 in reference to epigallocatechin gallate.

Keywords: matrix metalloproteinases 1; epicatechin; proanthocyanidin B2; molecular dynamics
simulation; zymography

1. Introduction

Skin, the outermost protective covering of the human body, is composed of a multilayered
structure, i.e., oversimplified as an underlying matrix composed of a supporting dermis and a
functional epithelium at the outer surface. The epidermis region of the skin is enriched with
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keratinocytes that differentiate and stratify towards the outer skin surface to act as a skin barrier [1].
Also, the skin dermis is abundant with fibroblast cells that secrete structural components to support
the extracellular matrix [2]. Fibroblasts are well documented for their significant reparative effect in
the lower layer of skin connective tissue to regulate extracellular matrices, interstitial fluid volume,
and wound healing [3,4]. The qualitative and quantitative cellular alternations mediated by fibroblasts
in the dermal extracellular matrix (ECM) are recorded as the most prominent characteristic of elderly
skin senescence [5]. For instance, aging fibroblasts were reported to cause rapid synthesis and
secretion of matrix metalloproteinases 1 and 3 (MMP-1 and MMP-3) to advance the skin aging process
via degradation of the skin’s collagen matrix [6]. These MMPs, which belongs to the family of
Ca2+-containing and Zn2+-dependent endopeptidases, are actively secreted by the keratinocytes and
the dermal fibroblasts under the influence of multiple stimuli such as oxidative stress, Ultraviolet
(UV) radiation, and cytokines [7,8]. To date, at least 28 different types of MMPs have been discovered
that play an important role in various pathophysiological processes, including photoaging, wound
healing, skeletal growth and remodeling, arthritis, inflammation, angiogenesis, and cancer [9–11].
Enzymes of the matrix metalloproteinase (MMP) family, especially MMP-1, play an important role
in skin aging [12]. Previous studies reported that oxidative stress produced in the epidermal cells
by UV treatment activates the mitogen-activated protein kinase (MAPK) signaling pathway and the
transcription factor activator protein 1 (AP-1) to promote skin aging by enhanced expression of MMP-1
into the ECM [13,14]. The proteolytic activity of MMP-1 enzyme resides in the catalytic domain but it
requires the hemopexin domain to cleave the collagen [15]. Hence, several studies have suggested
effective approaches to stimulate epidermal cell growth along with efficient remedies to suppress aging
fibroblasts synthesizing and secreting matrix metalloproteinases (MMPs) [16].

Recently, bioactive molecules from plants have been widely used as cosmeceutical ingredients
because of their prime property to slow down the rate of intrinsic skin aging processes and to diverge
the extrinsic ones [17]. Many bioactive compounds have been discovered that can suppress the
UV-induced expression of MMPs. For example, the most successful polyphenolic inhibitor against
MMPs activity is epigallocatechin gallate (EGCG), which showed IC50 values close to 10 µM for
MMP-2 and MMP-9 [18], while an inhibition constant (Ki) at 9.56 ± 1.67 µM was reported for
MMP-1 in human macrophages [19]. Furthermore, proanthocyanidins, also known as condensed
tannins, are a class of polymeric phenolic compounds that mainly consist of polyhydroxy flavan-3-ol
units, i.e., catechin, (-)-epicatechin, gallocatechin, and epigallocatechin units; these units are mainly
linked by the C4→C8 bond, but the C4→C6 linkage also exists in some natural compounds [20,21].
Among the distinct types of proanthocyanidins, the polyphenolic compounds exclusively consisting
of (-)-epicatechin units are abundant in plants also designated as procyanidins. Most of the
plant-based foods like fruits, berries, nuts, beans, cereals, spices, and beverages (wine and beers)
were documented to contain exclusively the homogenous B-type procyanidins [22]. For example,
proanthocyanidin B2, a dimer structure of (-)-epicatechin, i.e., (-)-epicatechin-(4β→8)–(-)-epicatechin
structure, is known for a broad spectrum of pharmacological and medicinal properties including
anti-apoptosis, anti-inflammatory, and antiatherosclerosis [23–25]. However, to the best of our
knowledge, (-)-epicatechin and proanthocyanidin B2 are not yet studied via molecular simulations and
tested in vitro for their inhibition activity against human MMP-1. Thus, this study was designed to
understand the mechanistic inhibition of human MMP-1 by (-)-epicatechin and proanthocyanidin B2
against positive inhibitor EGCG using computational approaches and were examined in vitro via the
zymography method for the inhibition of the human MMP-1 secreted by fibroblasts.

2. Methodology

2.1. Receptor and Ligands Collection

Three-dimensional (3D) structure of the human fibroblast collagenase (MMP-1, PDBID:1HFC) [26]
as a receptor was retrieved from RCSB protein database (http://www.rcsb.org) [27] which contained
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19 kDa active fragments of the human fibroblast collagenase refined at 1.56 Å resolution with a
R-factor of 17.4%, included methylamino-phenylalanyl-leucyl-hydroxamic acid inhibitor, 88 water
molecules, and three metal atoms (two zincs and a calcium) [26]. Also, 3D structures of the selected
flavanols, i.e., (-)-epicatechin (CID:72276), proanthocyanidin B2 (CID:122738), and reference compound
epigallocatechin gallate (EGCG; CID:65064), were retrieved from PubChem database (https://pubchem.
ncbi.nlm.nih.gov) [28].

2.2. ADME and Quantum Chemical Calculations

Initially, the flavanols (-)-epicatechin, proanthocyanidin B2, and EGCG were studied for their
physiochemical properties using the SwissADME server (http://www.swissadme.ch) [29]. Following,
structural geometry optimization was performed for the selected flavanols by density functional theory
(DFT) method with a hybrid functional Becke–Lee-Yang–Parr (B3LYP) supplemented with standard
6-31G** basis set in GAUSSIAN-03 suite [30]. The structural geometries for these compounds were
fully optimized without any constraints at global minima and inclusion of imaginary frequency modes
as reported earlier [31,32]. Next, the optimized geometries of compounds were then used in frontier
molecular orbital calculations and molecular docking simulations with MMP-1 as reported earlier [31].

2.3. Molecular Docking Simulation

The 3D structures of flavanols optimized earlier by B3LYP/6-31G** were prepared using LigPrep
module in Schrödinger suite for docking experiments [33]. Besides, crystal structure of the human
MMP-1 was also processed using a multi-step process with Prime and protein preparation wizards in
Schrödinger suite [33,34]. Briefly, the native ligand was removed from the receptor and water molecules
were retained in the active pocket as recent studies elucidated the active role of water molecule in the
peptide hydrolysis by the active form of MMP-1 [35]. Additionally, polar hydrogen atoms were added to
the protein structure followed by structural refinement using protein preparation wizard. Here, charges
and atom types corresponding to the right bond orders were allocated while side chains, which are not
included in the formation of salt bridges, were neutralized. Additionally, hydrogen-bonding network
optimization, rotation of thiol hydrogen and hydroxyl atoms, and generation of tautomerization, and
protonation states of His residues as well as Chi “flip” assignments for residues Asn, Gln, and His
residues were accomplished using the protassign script. Furthermore, a standard distance-dependent
dielectric constant at 2.0 Å, accounting for electronic polarization and small backbone variations in
the receptor, and a conjugated gradient algorithm were subjected to subsequent refinement of the
receptor under optimized potentials for liquid simulations (OPLS)-2005 force field with the maximum
root mean square deviation (RMSD) for the non-hydrogen atoms reached at 0.3Å [36,37]. Following,
(-)-epicatechin, proanthocyanidin B2, and EGCG were docked at the binding pocket containing active
residues, i.e., Gly179, Asn180, Leu181, Ala182, His183, Tyr210, Val215, His218, Glu219, His222, His228,
Tyr237, Pro238, Ser239, and Tyr240 as well as metal ion Zinc275, as reported earlier in the crystal
structure of MMP-1 with hydroxamate inhibitor [26]. Next, molecular docking simulation of the
selected compounds in the active pocket of MMP-1 was conducted by extra precision (XP) protocol
of GLIDE5.8, Schrödinger suite [34,38], where receptor was treated as rigid entity and ligands were
subjected to change in conformation to attain the most feasible interaction profile with active residues.
Also, hydrogen bond, van der Waals, polar interactions, metal binding, coulombic, freezing rotatable
bonds, hydrophobic contacts, penalty for buried polar groups, water desolvation energy, and binding
affinity enriching interactions were measured in Glide XP scoring protocol [32,39]. Finally, the best
docked poses of ligands with the highest docking energy in the active pocket of MMP-1 were considered
for intermolecular interaction analysis using Maestro tool in the Schrödinger suite [33,34].

To calculate the change in ligand conformation following molecular docking simulation, the
selected best poses of the ligands were extracted from the docked complexes and aligned to respective
B3LYP/6-31G** optimized initial geometries using Maestro tool in the Schrödinger suite [33,34].

https://pubchem.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov
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2.4. Explicit Molecular Dynamics Simulations

The molecular docked complexes of MMP-1 with (-)-epicatechin, proanthocyanidin B2, and
reference compound EGCG were further studied for complex stability with respect to time via
500 ns molecular dynamics (MD) simulation intervals under Linux environment on HP Z238
Microtower workstation using Desmond v4.4 module of Schrödinger-Maestro v10.4 [40,41]. Briefly,
each protein–ligand complex was fabricated as an orthorhombic grid box (10Å × 10Å × 10Å buffer)
and immersed in a Monte Carlo equilibrated periodic transferable intermolecular potential 4-point
(TIP4P) water bath. Besides, salt, and counter ions were added to neutralize the system while placed at
a distant of 20 Å from the ligand using system builder tools in Desmond-Maestro interface. Following
initial equilibration under default conditions, a 0.002-ps time step was fixed for the anisotropic diagonal
position scaling to contain the constant pressure during MD simulation. Furthermore, the temperature
of the system was fixed at 300 K, associated with 20-ps normal pressure and temperature (NPT)
reassembly at 1 atm pressure, and system density was kept near 1 g/cm3; other parameters with default
setup were used for system preparation and in the MD simulation protocol. Finally, MD simulation
for each complex was performed for 500-ns intervals under similar conditions. Later, generated MD
simulation trajectories for each complex were analyzed by the simulation interaction diagram tool and
simulation event analysis module in Desmond v4.4 module of Schrödinger-Maestro v10.4 suite [33,34].

2.5. Post Molecular Simulation Quantum Chemical Calculations

To calculate the change in the electronic properties of the docked bioactive compounds in the
active pocket of MMP-1, hybrid QM/MM (quantum mechanics/molecular mechanics) calculations were
performed on the molecular docked complexes and final snapshots extracted from the respective MD
simulation using the ONIOM two-layer system in GAUSSIAN-03 suite [30,42]. Herein, the higher layer
was considered for the docked ligand in the active pocket of proteins and was treated with the quantum
mechanical method, i.e., the B3LYP/6-31G** method, while the protein was considered under the lower
layer and treated with a universal force field (UFF) as molecular mechanics (MM) region. Finally,
the frontier molecular orbitals, i.e., highest occupied molecular orbitals (HOMO), lowest unoccupied
molecular orbitals (LUMO), and band energy gap, were calculated for both the docked poses and
extracted snapshots from the MD simulation trajectory of the respective complexes.

2.6. Molecular Mechanics Generalized Born Surface Area (MM/GBSA) Calculations

The end-point binding free energy for the docked MMP-1-flavonols complexes and respective
extracted snapshots from MD simulation were calculated using the Prime MMGBSA module of the
MM/GBSA protocol in Schrödinger suite [33,34]. The formulas to calculate the end-point binding free
energies and their respective individual decomposed energy components are mentioned in Equations
(1)–(3), where the total binding free energy (∆GBind) is the sum of free energy difference between the
docked-state complex (GCom) and the free-state individuals of the receptor and the ligand (GRec + GLig).
According to the second law of thermodynamics, the calculated ∆GBind for the protein–ligand complex
can be further disintegrated into the enthalpy part (∆H) and the entropy part (−T∆S), as shown in
Equation (1). However, most of the reported entropy computational methods, such as ranging from
postprocessing approaches [43–47] to the simulation-synchronized methodologies [48–50] required
hundreds of nanosecond simulation intervals to precisely calculate the entropies, and such calculations
were tested only on a set of small molecules with only hundreds of atoms. These reported methods
may be not suitable for the entropy calculations on more complex systems like drug-target complexes
containing thousands of atoms; hence, entropy calculations were ignored for MMP-1-flavonol docked
complexes due to the extremely expensive computational cost and relatively low prediction accuracy,
as suggested earlier [51]. Under these conditions, enthalpy can be considered equal to the binding
free energy for the complex and can be expressed as the addition of the molecular mechanical energy
(∆EMM) and the solvation free energy (∆GSol). Typically, ∆EMM is an addition to the intramolecular
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energy (∆EInt, which is further composed of the bond, angle, and dihedral energies of the system),
the electrostatic energy (∆EEle), and the van er Waals interactions (∆EvdW). Furthermore, ∆EInt can
be in particular canceled as single molecular trajectories were considered in the binding free energy
calculations. Thus, MM/GBSA calculations were performed with OPLS-2005 force field with default
parameters on the molecular docked complexes and 200 snapshots extracted from 500 ns MD simulation
trajectories of respective complexes, which were initially refined by removal of explicit TIP4P water
molecules and ions as reported earlier [52,53].

∆GBind = ∆GCom −
(
∆GRec + ∆GLig

)
= ∆H− T∆S ≈ ∆EMM + ∆Gsol − T∆S (1)

∆EMM = ∆EInt + ∆EEle + ∆EvdW (2)

∆GSol = ∆GPol + ∆ENonpol (3)

2.7. MMP-1 Zymography

In this study, the zymography method was used to predict the inhibition activity of the
selected bioactive compounds against MMP-1. Briefly, the human fibroblast cells (Detroit551,
KCLB, Jongno, Seoul, Korea) were initially cultured in Modified Eagle Medium (MEM, Welgene,
Gyeongsan, Gyeongbuk, Korea) with 10% fetal bovine serum (FBS) (Welgene)) and penicillin (100
units /mL)/streptomycin (100 µg/mL) (Welgene)) under 5% CO2 environment in CO2 cell incubator
(NU-4750G, NUAIRE, Plymouth, MN, USA) for 48 h. Following, 1 × 106 cells were dispensed in 100
mm plate, fixed for 24 h, and cultured until the cells developed 80–90% confluence of the plate; later,
the upper layer of culture solution was collected and centrifuged (10,000 rpm, 20 min, 4 ◦C) to remove
cells from the culture medium. Following, for extraction of the protein from the collected culture
medium, one volume of supernatant was gently mixed with 4 volumes of absolute chilled acetone
(−20 ◦C), stored at −20 ◦C for 60 min, and then centrifuged (10,000 rpm, 20 min, 4 ◦C) to collect the
precipitated total protein. After that, the collected protein was air dried at room temperature for 30 min
and dissolved in Protein Extraction Reagent (ThermoFisher Scientific, Waltham, MA, USA) to dissolve
the protein pellets followed by protein quantification using BCATM Protein Assay Kit (ThermoFisher
Scientific) against different concentrations, as mentioned in the assay kit instruction manual.

Next, 15 µg of the protein sample was incubated with various concentrations (0–1000 µg/mL) of
selected bioactive compounds for 30 min at room temperature and later loaded in the 10% sodium
dodecyl sulfate-polyacrylamide gel (SDS-PAGE) containing 0.1% casein (Sigma-Aldrich, St. Louis, MO,
USA) as a substrate for MMP-1 zymography. After electrophoresis, the gel was washed twice with a
washing buffer (2.5% Triton X-100, 50 mM Tris-HCl (pH 7.5), 5 mM CaCl2, and 1 µM ZnCl2) at room
temperature for 30 min, followed by incubation in a buffer ((1% Triton X)-100, 50 mM Tris–HCl (pH 7.5),
5 mM CaCl2, 1 µM ZnCl2) at 37 ◦C for 24 h for casein hydrolysis by MMP-1. The digested gel was then
stained with 0.3% Coomassie brilliant blue R-250 (BIO BASIC, Amherst, NY, USA) for 2 h followed by
incubation in detaining solution (methanol: acetic acid: water = 50:10:40) for 10 min. Finally, casein
degradation by MMP-1 activity was measured through the size of the transparent band from three
independent experiments under similar experimental conditions. The band intensity that appeared
transparently on casein zymography was expressed as the MMP-1 activity graph by measuring the
area of the band using the LabWorks (UVP, Upland, CA, USA) program. This protocol was applied
for each compound, i.e., (-)-epicatechin, proanthocyanidin B2, and reference compound EGCG, at
various concentrations (0–1000 µg/mL) to monitor the inhibition of MMP-1 activity against casein as
a substrate.

2.8. Western Blot Analysis for MMP-1

To validate the position of MMP-1 in the zymographs, western blotting was performed for the
protein collected from cell medium and cell extract of the human fibroblast (Detroit551) cells by
comparison to the human keratinocyte (HaCaT) cells. Briefly, the human fibroblast (Detroit551, KCLB,
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Jongno, Seoul, Korea) cells were inoculated in Modified Eagle Medium (MEM, Welgene, Gyeongsan,
Gyeongbuk, Korea) medium while the human keratinocyte (HaCaT, ATCC, Manassas, VA, USA) cells
were inoculated in Dulbecco’s Modified Eagle Medium (DMEM, Welgene, Gyeongsan, Gyeongbuk,
Korea), amended with 10% fetal bovine serum (FBS) (Welgene, Gyeongsan, Gyeongbuk, Korea) and
penicillin (100 units/mL)/streptomycin (100 µg/mL) (Welgene, Gyeongsan, Gyeongbuk, Korea), and
followed by incubation under 5% CO2 in CO2 cell incubator (NU-4750G, NUAIRE, Plymouth, MN,
USA for 48 h).

Following, grown cells were collected and lysed using lysis buffer (M-PER ® Mammalian Protein
Extraction Reagent) (ThermoFisher Scientific, Waltham, MA, USA) followed by centrifugation at 12,000
rpm for 10 min. Next, total protein concentration was estimated in each solution as explain earlier in
Section 2.7. Then, for western blotting, 2 µg/µL of protein was dissolved in sample buffer (62.5 mM
Tris-HCl (pH 6.8), 10% glycerol, 1% SDS, 1% β-mercaptoethanol, and 0.001% bromophenol blue) and
denatured by boiling over water bath for 3 min. After that, an aliquot of denatured protein containing
30 µg of protein was electrophoresed in a 7.5% SDS-PAGE. Later, this gel was transferred onto a
polyvinylidene fluoride (PVDF) membranes (Millipore Corp., Bedford, MA, USA) and incubated
in TBS-T blocking buffer (100mM Tris-HCL, 0.9% NaCl, and 0.05% Tween-20) for 20 min at room
temperature; the membrane was then exposed to the antibodies (diluted 1/500: a rabbit anti-MMP-1
polyclonal antibody, procured from GeneTex, Irvine, CA, USA) in Western Enhanced buffer (NeoScience,
Geumcheon, Seoul, Korea) overnight at room temperature. Later, the membrane was washed with
TBS-T buffer, treated with horseradish peroxidase-conjugated antibodies (GeneTex, Irvine, CA, USA)
for 2 h at room temperature, and followed by washing with TBS-T buffer. Finally, the western blots
were developed for MMP-1 using enhanced chemiluminescence (ECL) kit (ThermoFisher scientific,
Waltham, MA, USA).

3. Results and Discussion

3.1. ADME and Quantum Chemical Calculation Analysis

Initially, multiple computational methods were employed to predict the basic chemoinformatics
and molecular properties of (-)-epicatechin and proanthocyanidin B2 by comparison to reference
compound EGCG (Figure 1 and Table S1). These intrinsic properties of the molecules along with
pharmacological and drug-like properties are essentially required for medical applications [54,55].
In this study, drug-likeness of selected bioactive compounds was studied by calculating the ADME
properties using the SwissADME, sever which revealed only (-)-epicatechin to follow all the
drug-likeness rule (Table S1). However, it should also be noted that drug-likeness rules do not
apply to natural products or bioactive molecules which are recognized by an active transport system
when considering “druggable chemical entities” [56,57]. Moreover, Koehn in 2012 summarized the 26
drugs approved between 1981 and 2011 derived from 18 natural products known to challenge the “rule
of 5” and its structures [58]. Besides, based on the presence of electronegative atom numbers in the
structure, each bioactive compound was also studied for the number of hydrogen-bond donors and
acceptors atoms. Here, a minimum of 6 acceptor and 5 donor atoms were counted in (-)-epicatechin
while a maximum of 12 acceptor and 10 donor atoms was listed in proanthocyanidin B2 (Table S1). Also,
other properties such as Lipophilicity (LIPO), size, polarity (POLAR), insolubility in water (INSOLU),
instauration (INSATU), and flexibility (FLEX) were calculated for the bioactive compounds, as shown
in Figure 1; in addition to other essential medical properties (Table S1). All these properties suggested
the ideal medicinal properties for (-)-epicatechin and proanthocyanidin B2 by comparison to reference
compound EGCG.
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Figure 1. ADME analysis for the selected bioactive compounds using SwissADME sever, i.e., (a,b)
(-)-epicatechin, (c,d) proanthocyanidin B2, and (e,f) reference compound epigallocatechin gallate
(EGCG): here, the left panel shows the 2D structural formula used for calculating the properties on
the SwissADME server, which are depicted on right panel, viz. Lipophilicity (LIPO), size, polarity
(POLAR), insolubility in water (INSOLU), instauration (INSATU), and flexibility (FLEX).

Furthermore, structural parameters such as bond length, bond angles, and dihedral angles were
calculated for (-)-epicatechin, proanthocyanidin B2, and EGCG using B3LYP DFT calculations in
conjunction with the 6-31G** basis set (Tables S2–S4). Figure 2a,b depicts the optimized structural
geometries without hydrogen atoms for (-)-epicatechin, proanthocyanidin B2, and EGCG generated
by GaussView 3.0.8. These optimized structures of each compound were further studied for the
electrostatic potential, which is generally used to differentiate the relative polarity on the molecule by
identification of nucleophilic and electrophilic sites on the molecular surface [59]. Besides, electrostatic
potential for the molecule has been suggested along with dipole moment to determine the several
intermolecular interaction properties and the most favorable regions between ligand and receptor [60].
Figure 2 exhibits the electrostatic map predicted for (-)-epicatechin, proanthocyanidin B2, and EGCG
based on electron density distribution on the respective molecular surface. It assisted in the estimation
of molecular size, shape, and polarity, i.e., positive, negative, and neutral electrostatic potential
sites over the molecule via the color grading scheme, where the blue color represents the most
electropositivity, i.e., low electron region, and the red color stands for the most electronegative center
or electron rich regions [61]. Moreover, color intensity on the electrostatic map in relation to energy
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(in Hartree) demonstrates electron density at a given point on the surface of molecule. In this study,
all molecules were logged for blue color region on the electrostatic map, which indicates the strong
electrophilic region produced by electrons in hydrogen atoms (Figure 2). Likewise, electrostatic maps
exhibited a red color corresponding to the higher nucleophilic regions contributed by electron-rich
species, such as hydroxy and carbonyl groups in the respective bioactive compounds. In addition, the
color-coding regions of orange, yellow, and green in the electrostatic maps demonstrates the electronic
transition within the respective molecule (Figure 2). Hence, the calculated electrostatic potential map
for designated bioactive compounds suggested that the highly electronegative atoms, i.e., oxygen and
electropositive atoms such as carbon atoms bonded with oxygen in cyclic chains and hydrogen atoms,
have the capability to introduced intermolecular interactions with the active residues of proteins in
their vicinity during molecular docking simulation.
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Figure 2. Optimized geometries and electrostatic potential map generated for (a,b) (-)-epicatechin,
(c,d) proanthocyanidin B2, and (e,f) EGCG calculated using the density functional theory (DFT)
B3LYP/6-31G** method.

According to the theory of frontier molecular orbitals, interaction and overlapping of two chemical
species result in establishment of one or more molecular orbitals carrying lower bonding and higher
antibonding energy [62]. Hence, energy contained in the produced orbitals, i.e., highest occupied
molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) supplemented with
attractive force of electrons, can be utilized to connect the electron donation and acceptor capacity,
respectively for a chemical species [63]. Therefore, optimized geometries of the compounds, i.e.,
(-)-epicatechin and proanthocyanidin B2 along with reference compound EGCG, were predicted for
the frontier molecular orbitals. Figure 3 shows a well-defined distribution of HOMO and LUMO over
the two distinct parts of the molecules, where red and green color distributions marked negative and
positive wave functions of the respective molecular orbitals. For instance, HOMO was predicted on the
3,4-dihydroxyphenyl ring, while 3,4-dihydro-2H-chromene-3,5,7-triol ring was notice for distribution
of LUMO in the (-)-epicatechin molecule (Figure 3a). Likewise, HUMO and LUMO were observed on
each dihydroxyphenyl ring of the (-)-epicatechin subunits in the proanthocyanidin B2 separated by a
bond at positions 4 and 8′ in a β-configuration (Figure 3b). Also, in the reference compound EGCG,
HOMO was distributed on the atoms of 3,4,5-trihydroxybenzoate ring while LUMO was located on
the atoms of 3,4,5-trihydroxyphenyl ring in the molecular structure (Figure 3c). Also, the energy gap,
i.e., HOMO–LUMO band gap energy (∆E = EHOMO − ELUMO), is generally used in quantum chemical
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calculations to predict the chemical reactivity of the compounds [64,65]. Herein, (-)-epicatechin and
proanthocyanidin B2 exhibited higher band gap energies of 5.37 and 5.30 eV, respectively, against
EGCG (4.42 eV) (Figure 3). Previously, frontier molecular orbital band gap energy calculated for
the bioactive compounds Ganoderiol D and Ganodermanontriol were also observed with energy
values above 4 eV [31]. It was established that a higher frontier orbital energy gap corresponds to
higher kinetic stability and low chemical reactivity by comparison to lower counterparts, attributed by
energetically resistance to the addition of electrons in a high lying LUMO from low-level HOMO [66].
Hence, the calculated quantum chemical properties suggested the higher stability and nonreactive
chemical properties for the bioactive compounds (-)-epicatechin and proanthocyanidin B2 against
reference compound EGCG.
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compounds, viz (a) (-)-epicatechin, (b) proanthocyanidin B2, and (c) EGCG along with predicted orbital
energy and band gap energy values calculated using the DFT B3LYP/6-31G** method.

3.2. Molecular Docking Simulation and Intermolecular Interaction Analysis

Molecular docking simulation plays a vital role in computer-aided drug design. This study helps to
identify the potential small molecules via docking towards the binding pocket of the protein. The extra
precision docking algorithm in the GLIDE module assists with the prediction of ligand binding affinities
in the protein active site by including water desolvation energy, hydrophobic interactions between the
ligand atoms and protein active residues, formation of neutral–neutral single or correlated hydrogen
bonds under hydrophobically enclosed environment, and another five clusters of charged–charged
hydrogen bond formation [39]. Among the various poses generated for the docked ligands in the
active site of MMP-1 protein, the best poses with least docking RMSD and highest docking energy
were selected for further intermolecular interaction analysis. The primary purpose of the study was
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to differentiate the most stable conformation of the docked ligands based on their score value which
can inhibit the target protein [67]. For the MMP-1 protein, the selected bioactive compounds, viz.
(-)-epicatechin and proanthocyanidin B2 along with reference compound EGCG, were docked on
the essential residues of MMP-1 and respective binding energies were calculated using XP docking
protocol (Figure 4).Biomolecules 2020, 10, x 12 of 25 
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Figure 4. Three-dimensional and two-dimensional interaction mapping of selected ligands, i.e., (a,b)
(-)-epicatechin, (c,d) proanthocyanidin B2, and (e,f) EGCG monitored within 4 Å space around the
ligand in the active pocket of Matrix metalloproteinases 1 (MMP-1): in the 2D interaction map, pink
arrows represent the hydrogen bonds while green, blue, red, violet, and grey color residues stand for the
hydrophobic, polar, negative, positive, and glycine interactions, respectively, in the docked complexes.

Moreover, electrostatic interactions like in heteroatom-hydrogen bonds X-H···Y (X = O or N; Y = O,
N, or halogen), salt bridges, van der Waals interactions (π-π interactions), carbon–hydrogen, and metal
interactions are required for the formation and stability of the protein–ligand complexes [68–70].
Especially, hydrogen bond is observed as an intermolecular interaction that exhibits covalent,
electrostatic, and van der Waals properties [71,72] Therefore, hydrogen bonds not only mediate
protein–ligand binding but also influence the physicochemical properties of the molecules, such
as solubility, distribution, partitioning, and permeability, which are key characteristics for drug
development [73,74]. Typically, in protein–ligand complex, hydrogen bond formation such as C =

O···H, N–H···O, O–H···O, and N–H···N are classified as strong bonds because of presence of highly
electronegative atoms, i.e., Nitrogen (N) and Oxygen (O), while weak bonds such as C–H···O and
C–H···N are categorized as the most common type of intermolecular hydrogen bond formation between
the protein and ligand [75]. Also, strong hydrogen bonds (X-H···Y) are well known to have shorter
bond lengths than the sum of van der Waals radii of heteroatoms X and Y [76]. Thus, the hydrogen
bonds formation between active residues and ligand were identified using the relaxed criteria, as
established by McDonald and Thornton [77], of donor–acceptor separation ≤ 3.5 Å, hydrogen–acceptor
distance ≤ 2.5 Å, and hydrogen bond angle ≥ 60◦. Infrequently, some buried donor and acceptor
atoms formed hydrogen bonds with interstitial water molecules at the docked site of ligand with
protein. To permit disorder contributed by solvent molecules, the criteria for hydrogen bonding
was further relaxed for donor–acceptor distance at a cutoff value of 4.5 Å only in presence of water
molecule. Furthermore, Bissantz, Kuhn, & Stahl, 2010, et al., exhibited that the mean donor–acceptor
distance of a typical hydrogen bond in protein–ligand complex exists in a range between 2.8–3.1 Å
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with a donor hydrogen-acceptor angle about at 130◦ [78]. Hence, based on the literature, the hydrogen
bond between donor and acceptor of distances at approximately 2.2–2.5 Å, 2.5–3.2 Å, and 3.2–4 Å
were marked as strong with covalent character, with moderate electrostatic features, and with week
electrostatic interactions, respectively. With these criteria under consideration, the collected best
docked poses of MMP-1 with selected bioactive compounds were analyzed for formation of hydrogen
bond and other intermolecular interactions within a distance of 4 Å as the default parameter in the
Maestro-Schrödinger suite shown in Figure 4.

The docked complex of MMP-1–(-)-epicatechin showed a binding affinity of −7.862 kcal/mol at an
RMSD of 0.001 and formed four strong hydrogen bonds, i.e., two hydrogen bonds by hydroxy and oxy
groups in 3,4-dihydro-2H-chromene-3,5,7-triol rings with Gly179 (donor hydrogen bond C = O···H;
1.75 Å) and Tyr240 (acceptor hydrogen bond N–H···O; 2.45 Å) residues and two donor hydrogen bond
formation by hydroxy functional group in 3,4-dihydroxyphenyl ring with Glu219 (H C–O···H; 1.60 Å
and C–O···H; 2.15 Å); additionally, one donor hydrogen bond from the hydroxy functional group in
3,4-dihydro-2H-chromene-3,5,7-triol rings mediated by water molecule with residue Tyr210 at a 4.03
Å distance was also recorded (Figure 4a,b). Besides, hydrophobic (Leu181, Ala182, Tyr210, Val215,
Tyr237, Pro238, and Tyr240), polar (Asn180, His218, and Ser239), negative (Glu219), Glycine (Gly179),
and positive (Arg214) interactions were also recorded in an MMP-1–(-)-epicatechin docked complex
(Figure 4a,b).

Likewise, MMP-1–proanthocyanidin B2 complex shows docking score of −8.145 kcal/mol at
a 0.007 RMSD with a significant intermolecular interaction profile exhibiting four hydrogen bond
formation, viz. hydroxy groups in 3,4-dihydroxyphenyl ring exhibited two donor hydrogen bond
formations with residue Tyr237 (C–O···H; 2.11Å and C–O···H; 2.14Å) while the hydroxy and oxy groups
in 3,4-dihydro-2H-chromene-3,5,7-triol ring were observed for formation of acceptor hydrogen bond
with Ser239 (O–H···O; 1.99Å) and donor hydrogen bond with Tyr240 (C = O···H; 1.59Å) residues,
respectively. Also, single donor and acceptor hydrogen bond formation was exhibited by one hydroxy
group on a 3,4-dihydro-2H-chromene-3,5,7-triol ring mediated by two water molecules for residues
Gly179, Glu209, and Tyr210 at distances of 5.04, 5.09, and 5.10 Å, respectively (Figure 4c,d). Moreover,
hydrophobic (Leu181, Tyr210, Ile232, Tyr237, Pro238, and Tyr240), polar (Asn180, Ser239, and Thr241),
negative (Glu209), and glycine (Gly179) interactions were also observed in the respective docked
complex (Figure 4c,d).

Whilst the docked complex of MMP-1 with reference compound EGCG showed a docking energy
of −6.488 kcal/mol with 0.0013 RMSD and a considerable number of hydrogen bonds, and in addition
to other intermolecular interactions with the active pocket residues of MMP-1 (Figure 4e,f). Herein,
a total of two donor hydrogen bond formations by hydroxy group in 3,4,5-trihydroxybenzoate ring
were recorded with the active residue Glu219 (C–O···H; 1.52Å and C–O···H; 1.69Å) while the oxy
group in the same ring exhibited acceptor hydrogen bond with residue Tyr240 (N–H···O; 2.73Å). Also,
two donor hydrogen bonds by the hydroxy group on the 3,4,5-trihydroxyphenyl ring in the EGCG
molecule were observed with Tyr210 residue at a distance of 4.10 Å (Figure 4e,f). Interestingly, catalytic
Zn275 was also observed within a 4-Å area around the docked EGCG in the active pocket of MMP-1.
Besides, hydrophobic (Leu181, Ala182, Tyr210, Val215, Pro238, and Tyr240), polar (Asn180, His183,
His218, His222, and His239), negative (Glu219), and glycine (Gly179) interactions were recorded in the
MMP-1–EGCG docked complex (Figure 4e,f). Remarkably, atoms in the respective aromatic rings in
all three bioactive compounds forming donor and acceptor hydrogen bonds with active residues of
MMP-1 were initially predicted for HOMO and LUMO distribution, respectively (Figures 3 and 4)

Based on the docking score, (-)-epicatechin and proanthocyanidin B2 were predicted as potential
inhibitors of MMP-1 by comparison to reference compound EGCG. This observation was also supported
by substantial intermolecular interactions with the active and substrate binding residues of MMP-1 in
the respective docked complexes. These interacting residues, i.e., Gly179, Asn180, Leu181, Ala182,
His183, Tyr210, Val215, His218, Glu219, His222, His228, Tyr237, Pro238, Ser239, and Tyr240, in this
study were the same as reported in the crystal structure of MMP-1 (PDB ID: IHFC) with ligand
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methylamino–phenylalanyl–leucyl–hydroxamic acid [26]. Interestingly, residues His218, His222, and
His228 identified a Zinc 2 metal ion binding site and catalytic cleft in the crystal structure of MMP-1
which extends past the zinc ion alongside the D-strand of the protein structure [26]. Also, residue
Glu219 as an active site was elucidated to promote the nucleophilic attack of water molecules on the
scissile peptide bond of the substrate whilst the side chain oxygen on the residue Asn180 (Calcium
3 calcium binding site via carbonyl oxygen) and carbonyl oxygen of residue Ala182 were predicted
to maintained the complex of protonated nitrogen of the scissile bond; in addition, residues Gly179,
Leu181, Pro238, and Tyr240 were defined as substrate binding sites in the catalytic pocket of MMP-1 [26].
Moreover, His183 (Zinc 1, metal binding residue) was identified as an additional active residue in the
crystal structure of MMP-1 [26,79].

It is important to mentioned that only (-)-epicatechin and EGCG showed two and one hydrogen
bond formations, respectively with the active residue (Glu219); in addition, interactions with substrate
binding residues were also logged in the docked complexes (Figure 4). However, proanthocyanidin
B2 exhibits only three hydrogen bond formations with the substrate binding residues, viz. Tyr237,
Ser239, and Tyr240 (Figure 4). These results support that (-)-epicatechin can directly blocks active
residues as in reference compound EGCG while proanthocyanidin B2 inhibits the enzyme activity by
occupying the substrate binding region in the protein structure. It was reported that the molecular
mechanism for inhibition of MMP-1 may involve direct competition with the substrate by establishing
hydrophobic interactions and hydrogen bond formation with the backbone amide groups and other
side chain functional groups of MMP-1 that results in significant conformation change in the protein
structure [80,81].

Further, the docked poses of bioactive compounds, i.e., (-)-epicatechin, proanthocyanidin B2,
and EGCG, were also superimposed on the initial B3LYP/6-31G** optimized structural geometries,
revealing no considerable changes in the ligand conformation after molecular docking, except a degree
of conformational rotation was observed in the dihydroxyphenyl ring of each bioactive compound
(Figure S1). These structural rotations in the ring were suggested due to consideration of rotation
in hydrogen bond opted in the GLIDE docking protocol to produce the best pose of the ligand for
substantial intermolecular interactions with the active pocket of MMP-1 (Figure S1 and Figure 4).

3.3. Molecular Dynamics Simulation Analysis

An interaction profile predicted from on target-ligand calculated using the molecular docking
approach can be further validated by molecular dynamics simulation and crystallographic
studies [82–84]. Herein, molecular dynamics (MD) simulation was conducted to find out the stability,
conformation, and intermolecular interactions between the ligands and active residues of the MMP-1
protein over a 500-ns interval using the Desmond package. The generated MD simulation trajectories
of each complex were subjected to specific parameters such as last pose analysis, root mean square
deviation (RMSD), root mean square fluctuation (RMSF), and protein–ligand interaction profile
to understand the bonding nature of the respective ligand at the active pocket of protein during
simulation interval.

Initially, intermolecular interaction analysis for the last poses extracted from simulation trajectory
was studied for respective complex stability (Figure 5). Remarkably, all complexes showed the presence
of the ligand at the active pocket of MMP-1 and strong intermolecular interaction such as hydrogen
bond formation, hydrophobic, polar, negative, positive, and glycine interactions (Figure 5). For instance,
in the MMP-1–(-)-epicatechin complex, hydroxy groups on the 3,4-dihydro-2H-chromene-3,5,7-triol
ring exhibited strong and moderate donor hydrogen bonds with residues Ala182 (C = O···H; 1.80Å) and
Glu219 (C–O···H; 2.72 Å), respectively, while one moderate acceptor hydrogen bond was monitored in
the same aromatic ring with residue Leu181 (N–H···O; 2.72 Å). Likewise, the extracted pose for the
MMP-1–proanthocyanidin B2 complex showed one strong donor hydrogen bond with residue Asn180
(C = O···H; 1.92 Å) along with π–π interactions at His218 and His228 residues. Similarly, analysis for
MMP-1–EGCG complex revealed formation of two strong donor hydrogen bonds through the hydroxy
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group on the 3,4,5-trihydroxybenzoate ring with active residue Glu219 (C–O···H; 1.55 Å and C–O···H;
1.78 Å) and one strong donor hydrogen bond by the hydroxy group on the 3,4,5-trihydroxyphenyl
ring at residue Gly179 (C = O···H; 2.11Å) (Figure 5). These interacting residues in the respective
protein–ligands docked complex were also logged in the initial molecular docked poses (Figure 4),
indicating the considerable stability of respective complex during a 500-ns MD simulation interval.
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Figure 5. Last poses collected from 500 ns molecular dynamics (MD) simulation of (a,b) (-)-epicatechin,
(c,d) proanthocyanidin B2, and (e,f) EGCG monitored within 4 Å space around the ligand in the active
pocket of MMP-1. In 2D interaction map, pink arrows represent the hydrogen bonds while green, blue,
red, violet, and grey color residues stand for the hydrophobic, polar, negative, positive, and glycine
interactions, respectively, in the respective docked complex.

Besides, alpha carbon (Cα) deviations were also calculated for MMP-1 from the RMSD value
during a 500-ns MD simulation interval (Figure 6). All complexes showed stable variations <2 Å during
simulation interval with average values of 1.85, 1.88, and 1.81 Å for (-)-epicatechin, proanthocyanidin
B2, and EGCG docked complexes with MMP-1, respectively (Figure 6). These results suggested
no significant structural change in MMP-1 protein structure bound with respective ligands during
the MD simulation. Moreover, RMSD values for the protein fit ligands exhibited deviations within
100 ns and followed by state of equilibrium till a 500-ns interval (Figure 6). These observations
suggested the presence of the ligand at the active pocket of MMP-1 during simulation. Besides,
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averages of considerable RMSD values of 6.08, 11.62 and 3.72 Å were logged for the (-)-epicatechin,
proanthocyanidin B2, and EGCG docked on MMP-1, respectively (Figure 6). These considerable RMSDs
in the protein structure and ligands were further supported by acceptable RMSF values for residues of
protein (<3.5 Å) and atoms in ligands (<4.5 Å), respectively, during the MD simulation (Figure S2).
These calculated respective RMSD and RMSF values suggested the stability of docked complexes of
MMP-1 with (-)-epicatechin, proanthocyanidin B2, and EGCG during a 500-ns simulation interval.
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Figure 6. Root mean square deviation (RMSD) values extracted from 500 ns MD simulation
trajectories for the docked complexes of MMP-1 with bioactive compounds, viz. (a) (-)-epicatechin, (b)
proanthocyanidin B2, and (c) reference compound EGCG.

Moreover, atomic level information during simulation interval is essential to calculate the binding
pose of ligands with the active site of protein. For binding mode analysis, the intermolecular
interactions such as hydrogen bond, hydrophobic contact, ionic interaction, and salt bridge formation
were analyzed over a 500 ns MD simulation interval (Figure 7 and Figure S3). Particularly, a number
and specific type of hydrogen formation between the protein and docked ligands were also extracted
from the respective MD simulation trajectories. Figure 7 shows a higher number of hydrogen bond
formations in the MMP-1–EGCG (average 4 bonds) against MMP-1–(-)-epicatechin (average 2 bonds)
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and MMP-1–proanthocyanidin B2 (average 1 bonds). Moreover, acceptor hydrogen bonds were found
prominent among the hydrogen bond types formed between selected bioactive compounds and MMP-1
active residues; (-)-epicatechin and EGCG exhibited considerable hydrogen bond formation with
active Glu219, while proanthocyanidin B2 exhibited hydrogen bond with substrate binding residue
Asn180. Additionally, a total intermolecular fraction analysis for the docked bioactive compounds with
MMP-1 during simulation revealed significant contacts with the essential residues, i.e., His218, Glu219,
His222, and His228 (Figure S3) in addition to other active pocket residues of MMP-1 as observed in the
respective docked complexes (Figure 4). Interestingly, only proanthocyanidin B2 exhibits substantial
ionic interactions with residues His218, His222, and His228 during a 500 ns MD simulation interval
(Figure S3). These observations suggested significant protein–ligand intermolecular interactions along
with substantial stability of (-)-epicatechin and proanthocyanidin B2 by comparison with EGCG on the
active pocket of MMP-1 throughout 500 ns MD simulations; hence, indicated the inhibitory potential
of selected bioactive compounds, i.e., (-)-epicatechin and proanthocyanidin B2 against human MMP-1.
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Figure 7. Plots exhibits the total number and specific type of hydrogen bond formation between docked
ligands, i.e., (a,b) (-)-epicatechin, (c,d) proanthocyanidin B2, and (e,f) EGCG with MMP-1 during a 500
ns MD simulation interval.

3.4. Post-Molecular Simulation Quantum Chemical Calculations

A two-layer ONIOM method was selected for hybrid QM/MM calculations to calculate the HOMO
and LUMO for the molecular docked MMP-1–bioactive compound complexes along with respective
last snapshot extracted from 500 ns MD simulation. Figure 8 shows HOMO and LUMO for the bioactive
compounds, i.e., (-)-epicatechin, proanthocyanidin B2, and EGCG generated under the interaction
influence imposed by the residues in the active pocket of MMP-1. By comparison, docked ligands with
the initial optimized ligands showed no momentous change in HOMO and LUMO distribution, except
a reduction in size of the wave function for all ligands docked with proteins was observed (Figure 8).
Moreover, a notable change in orbital energy was also logged, which results in a change in energy
band gap compared to the respective values calculated for the initial geometry of a ligand using a set
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of DFT calculations, suggesting the influence of intermolecular interactions formed during docking
simulation on the respective ligand. These observations were further supported by the remarkable
change in energy band gap for the docked bioactive compounds compared to respective optimized
geometries and indicate induction of electron transfer within the ligand molecule to support significant
intermolecular interactions in the docked complex. These statements can be supported by donor and
acceptor hydrogen bond formation in the respective docked complexes (Figure 4). Furthermore, in
comparison, frontier orbital energy and band gap energy of the docked bioactive compounds with
respective complexes after 500 ns MD simulation exhibited no substantial differences; these results
suggested the stable interaction between the active residues and docked bioactive compounds (Figure
S4). Based on hybrid QM/MM calculations, the selected bioactive compounds, i.e., (-)-epicatechin,
proanthocyanidin B2, and EGCG, were suggested with considerable ADME and drug-likeness and can
be used for further in vitro evaluation.
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Figure 8. Frontier molecular orbitals, i.e., highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals (LUMO), along with energy values and energy band gap, were calculated
for the molecular docked bioactive compounds (a) (-)-epicatechin, (b) proanthocyanidin B2, and (c)
EGCG in the active pocket of MMP-1 using the ONIOM (B3LYP/6-31G**:UFF) method.

3.5. Binding Free Energy Calculations

Typically, binding affinity is marked for the Gibbs energy of binding (∆G), which is the result of two
different terms, i.e., enthalpy (∆H) and entropy (T∆S), and high affinity is only achievable when both
energy components contribute favorably to the binding process [85,86]. However, several studies have
shown difficulties in calculating simultaneous optimization of enthalpy and entropy [87]. Generally,
two different forms of forces contributed in the binding of a drug molecule in the active pocket of its
receptor, i.e., attractive forces such as hydrogen bonding and van der Waals interactions, and repulsive
forces, including a hydrophobic effect that tends to move the drug molecule into hydrophobic cavity
from the aqueous solvent [87]. As these forces differentially influenced the thermodynamic signature
such as enthalpy and entropy contribution in drug binding with receptor [88,89], these factors have
been suggested to provide an exclusive experimental way to characterize the binding mode of the
drug. Recent studies suggested that a favorable interaction enthalpy is indicative of good interactions
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of drug molecule with the receptor [87]. Moreover, dispersion energy corrections also have a small
influence on the optimized geometries of ligands and, in turn, binding pose with the protein; however,
such dispersion energy calculations are suggested to be important in modeling reactions catalyzed by
enzymes [90].

In this study, to compare how MD simulation affects the binding of ligands with active residues in
the active pocket of MMP-1, binding affinity of the docked complexes, viz. MMP-1–(-)-epicatechin,
MMP-1–proanthocyanidin B2, and MMP-1–EGCG, were calculated before and after MD simulation
using the Prime MM/GBSA method (Figure 9). A list for ∆GBind and individual energy components
calculated for the respective docked complexes before and after MD simulation are shown in
Table S5. Among the bioactive compounds, MMP-1–(-)-epicatechin and MMP-1–EGCG docked
complexes showed 2.35 and 1.40 times increases in binding free energy, respectively, following MD
simulation. These observations support the favorable attraction enthalpy contributed by hydrogen
bonding and electrostatic interactions in the respective complexes after simulation. However,
MMP-1–proanthocyanidin B2 complex exhibited 1.92 times decrease in the free binding energy
after 500-ns simulation (Figure 9, Table S5), marked for enhanced unfavorable interactions in
the complex during simulation via a hydrophobic effect. Additionally, analysis of individual
components contributing in the total binding free energy of the respective complexes, i.e., ∆GBind Coulomb,
∆GBind Covalent, ∆GBind vdW (van der Waals forces), ∆GBind Solv SA (solvent accessible Surface Area), and
∆GBind Solv GB (solvation energy Generalized Born), revealed significant contribution of ∆GBind Coulomb

and ∆GBind vdW energy in the respective complex stability (Figure 8, Table S3), supporting favorable
enthalpy formation in the respective complexes. Similar results for the energy components
∆GBind Coulomb and ∆GBind vdW contributing in the docked complexes were reported earlier [91].
Therefore, it was suggested that (-)-epicatechin has relatively stronger affinity with the active pocket
of MMP-1 than proanthocyanidin by comparison to reference compound EGCG, as predicted from
molecular docking and MD simulation analysis (Figures 4 and 5); and hence, (-)-epicatechin and
proanthocyanidin were predicted as strong and weak inhibitors of MMP-1, respectively against EGCG,
as concluded from binding affinity (MM/GBSA) calculations.

3.6. MMP-1–Zymography Analysis

As, it is well known that activated MMP-1 is released into the culture medium by the cells, the
collected protein from medium was incubated with various concentrations of selected compounds and
MMP-1 zymography was performed in the presence of beta casein as the substrate. Remarkably, only
(-)-epicatechin and EGCG exhibited concentration-dependent inhibition of MMP-1 with maximums of
69.2% and 75.6% MMP-1 inhibition at 1000 µg/mL (Figure 10). However, proanthocyanidin B2 had a
maximum inhibition of 43.4% at the highest concentration of 1000 µg/mL (Figure 10). Also, this band at
54 kDa in the zymography was established for the human MMP-1 using western blotting (Figure 10).
Furthermore, these observations were in accordance with the respective molecular simulation analysis
and binding free energy calculation which showed strong stability and affinity for (-)-epicatechin
against proanthocyanidin B2 by comparison to reference compound EGCG (Figures 4–9). These
observations suggested the strong anti-proteolytic MMP-1 activity of monomeric (-)-epicatechin against
dimeric (-)-epicatechin, i.e., proanthocyanidin B2.
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Figure 10. MMP-1 inhibition activity calculated for the selected bioactive compounds, i.e., (-)-epicatechin,
proanthocyanidin B2, and EGCG, against beta casein as the substrate: the bar graphs were calculated
using LabWorks software based on the width of the inhibition zones in the respective zymographs of
triplicate experimental study. Media contained the MMP-1 protein secreted by cells and the human
mature MMP-1 protein appeared with antihuman MMP-1-specific antibodies at 54 KDa, as shown in
western bolt for MMP-1.

4. Conclusions

Plant secondary metabolites are well known to quench the free radical generation and to inhibit
many drug-target proteins; in addition, the bioavailability of plant secondary metabolites such as
flavanols has been evaluated in humans. In this study, the interaction of the selected monomeric
flavanol, i.e., (-)-epicatechin against dimeric flavanol, viz. proanthocyanidin B2, was computed using
computational and validated using zymography. Initial ADME and quantum calculations along
with molecular docking established the drug-likeness and substantial affinity at the active pocket of
MMP-1 for (-)-epicatechin compared to proanthocyanidin B2. Also, molecular dynamics simulation
and free binding energy calculations exhibited the contribution of hydrogen bonding and electrostatic
interactions in the stability of (-)-epicatechin with active residues against proanthocyanidin B2, which
can be clearly observed from the MMP-1 zymography gels. Therefore, the findings of this study
advised (-)-epicatechin as a druglike molecule which could be further extrapolated to clinical/in vivo
studies for the development of antiaging care products or therapeutics to treat chronic inflammatory
diseases caused by rapid degradation of collagenase by MMP-1.



Biomolecules 2020, 10, 1379 20 of 24

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/10/1379/s1,
Tables S1–S4: ADME and Quantum chemical calculation analysis; Table S5: Binding Affinity calculations, Figure
S1: Molecular docking simulation and intermolecular interaction analysis, Figures S2 and S3: Molecular dynamics
simulation analysis, and Figure S4: Post-molecular simulation quantum chemical calculations.

Author Contributions: Conceptualization, K.E.L., S.B., and S.G.K.; methodology, K.E.L., and S.B.; software, U.Y.;
validation, K.E.L., S.B., and S.G.K.; formal analysis, S.B.; investigation, K.E.L., and S.B.; resources, K.E.L., and
S.B.; data curation, K.E.L., and S.B.; writing—original draft preparation, S.B.; writing—review and editing, S.B.;
visualization, S.B.; supervision, S.G.K.; project administration, K.E.L., and S.G.K.; funding acquisition, K.E.L., and
S.G.K.;. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Basic Science Research Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Education, grant number NRF-2019R1I1A1A01040847.” and “The APC
was funded by grant number NRF-2019R1I1A1A01040847.

Acknowledgments: The molecular docking and dynamics simulations in this work were supported by the
Department of Physics, Deen Dayal Upadhyay Gorakhpur University, Gorakhpur, Uttar Pradesh, India. The
authors are also thankful to the Core Research Support Center for providing technical service for this study.

Conflicts of Interest: The authors declare no conflict of interest. Also, the funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Sriram, G.; Bigliardi, P.L.; Bigliardi-Qi, M. Fibroblast heterogeneity and its implications for engineering
organotypic skin models in vitro. Eur. J. Cell Biol. 2015, 94, 483–512. [CrossRef]

2. Tracy, L.E.; Minasian, R.A.; Caterson, E.J. Extracellular Matrix and Dermal Fibroblast Function in the Healing
Wound. Adv. Wound Care 2016, 5, 119–136. [CrossRef]

3. McAnulty, R.J. Fibroblasts and myofibroblasts: Their source, function and role in disease. Int. J. Biochem. Cell
B 2007, 39, 666–671. [CrossRef]

4. Desmouliere, A.; Darby, I.A.; Gabbiani, G. Normal and pathologic soft tissue remodeling: Role of the
myofibroblast, with special emphasis on liver and kidney fibrosis. Lab. Investig. 2003, 83, 1689–1707.
[CrossRef] [PubMed]

5. Ma, W.; Wlaschek, M.; Tantcheva-Poor, I.; Schneider, L.A.; Naderi, L.; Razi-Wolf, Z.; Schuller, J.;
Scharffetter-Kochanek, K. Chronological ageing and photoageing of the fibroblasts and the dermal connective
tissue. Clin. Exp. Dermatol. 2001, 26, 592–599. [CrossRef] [PubMed]

6. Rabe, J.H.; Mamelak, A.J.; McElgunn, P.J.; Morison, W.L.; Sauder, D.N. Photoaging: Mechanisms and repair.
J. Am. Acad. Dermatol. 2006, 55, 1–19. [CrossRef] [PubMed]

7. Ham, S.A.; Yoo, T.; Hwang, J.S.; Kang, E.S.; Paek, K.S.; Park, C.; Kim, J.H.; Do, J.T.; Seo, H.G. Peroxisome
proliferator-activated receptor delta modulates MMP-2 secretion and elastin expression in human dermal
fibroblasts exposed to ultraviolet B radiation. J. Dermatol. Sci. 2014, 76, 44–50. [CrossRef]

8. Hwang, Y.P.; Choi, J.H.; Kim, H.G.; Choi, J.M.; Hwang, S.K.; Chung, Y.C.; Jeong, H.G. Cultivated ginseng
suppresses ultraviolet B-induced collagenase activation via mitogen-activated protein kinases and nuclear
factor kappaB/activator protein-1-dependent signaling in human dermal fibroblasts. Nutr. Res. 2012, 32,
428–438. [CrossRef]

9. Quan, T.H.; Qin, Z.P.; Xia, W.; Shao, Y.; Voorhees, J.J.; Fisher, G.J. Matrix-Degrading Metalloproteinases in
Photoaging. J. Investig. Derm. Symp. P 2009, 14, 20–24. [CrossRef]

10. Jung, S.K.; Lee, K.W.; Kim, H.Y.; Oh, M.H.; Byun, S.; Lim, S.H.; Heo, Y.S.; Kang, N.J.; Bode, A.M.; Dong, Z.G.;
et al. Myricetin suppresses UVB-induced wrinkle formation and MMP-9 expression by inhibiting Raf.
Biochem. Pharmacol. 2010, 79, 1455–1461. [CrossRef]

11. Sbardella, D.; Fasciglione, G.F.; Gioia, M.; Ciaccio, C.; Tundo, G.R.; Marini, S.; Coletta, M. Human matrix
metalloproteinases: An ubiquitarian class of enzymes involved in several pathological processes. Mol.
Aspects Med. 2012, 33, 119–208. [CrossRef] [PubMed]

12. Chang, C.; Werb, Z. The many faces of metalloproteases: Cell growth, invasion, angiogenesis and metastasis.
Trends Cell. Biol. 2001, 11, S37–S43. [CrossRef]

13. Piao, M.J.; Kumara, M.H.S.R.; Kim, K.C.; Kang, K.A.; Kang, H.K.; Lee, N.H.; Hyun, J.W.
Diphlorethohydroxycarmalol Suppresses Ultraviolet B-Induced Matrix Metalloproteinases via Inhibition of
JNK and ERK Signaling in Human Keratinocytes. Biomol. Ther. 2015, 23, 557–563. [CrossRef] [PubMed]

http://www.mdpi.com/2218-273X/10/10/1379/s1
http://dx.doi.org/10.1016/j.ejcb.2015.08.001
http://dx.doi.org/10.1089/wound.2014.0561
http://dx.doi.org/10.1016/j.biocel.2006.11.005
http://dx.doi.org/10.1097/01.LAB.0000101911.53973.90
http://www.ncbi.nlm.nih.gov/pubmed/14691287
http://dx.doi.org/10.1046/j.1365-2230.2001.00905.x
http://www.ncbi.nlm.nih.gov/pubmed/11696063
http://dx.doi.org/10.1016/j.jaad.2005.05.010
http://www.ncbi.nlm.nih.gov/pubmed/16781287
http://dx.doi.org/10.1016/j.jdermsci.2014.07.011
http://dx.doi.org/10.1016/j.nutres.2012.04.005
http://dx.doi.org/10.1038/jidsymp.2009.8
http://dx.doi.org/10.1016/j.bcp.2010.01.004
http://dx.doi.org/10.1016/j.mam.2011.10.015
http://www.ncbi.nlm.nih.gov/pubmed/22100792
http://dx.doi.org/10.1016/S0962-8924(01)02122-5
http://dx.doi.org/10.4062/biomolther.2015.054
http://www.ncbi.nlm.nih.gov/pubmed/26535081


Biomolecules 2020, 10, 1379 21 of 24

14. Leiros, G.J.; Kusinsky, A.G.; Balana, M.E.; Hagelin, K. Triolein reduces MMP-1 upregulation in dermal
fibroblasts generated by ROS production in UVB-irradiated keratinocytes. J. Derm. Sci. 2017, 85, 124–130.
[CrossRef]

15. Clark, I.M.; Cawston, T.E. Fragments of human fibroblast collagenase. Purification and characterization.
Biochem. J. 1989, 263, 201–206. [CrossRef]

16. Lu, J.; Guo, J.H.; Tu, X.L.; Zhang, C.; Zhao, M.; Zhang, Q.W.; Gao, F.H. Tiron Inhibits UVB-Induced AP-1
Binding Sites Transcriptional Activation on MMP-1 and MMP-3 Promoters by MAPK Signaling Pathway in
Human Dermal Fibroblasts. PLoS ONE 2016, 11, e0159998. [CrossRef]

17. Chiocchio, I.; Mandrone, M.; Sanna, C.; Maxia, A.; Tacchini, M.; Poli, F. Screening of a hundred plant extracts
as tyrosinase and elastase inhibitors, two enzymatic targets of cosmetic interest. Ind. Crop. Prod. 2018, 122,
498–505. [CrossRef]

18. Garbisa, S.; Sartor, L.; Biggin, S.; Salvato, B.; Benelli, R.; Albini, A. Tumor gelatinases and invasion inhibited
by the green tea flavanol epigallocatechin-3-gallate. Cancer 2001, 91, 822–832. [CrossRef]

19. Huang, B.; Chen, H.Q. (-)-Epigallocatechin-3-gallate inhibits matrix metalloproteinases in oral ulcers. RSC
Adv. 2015, 5, 23758–23766. [CrossRef]

20. La, V.D.; Bergeron, C.; Gafner, S.; Grenier, D. Grape seed extract suppresses lipopolysaccharide-induced
matrix metalloproteinase (MMP) secretion by macrophages and inhibits human MMP-1 and -9 activities. J.
Periodontol. 2009, 80, 1875–1882. [CrossRef]

21. Yamakoshi, J.; Saito, M.; Kataoka, S.; Kikuchi, M. Safety evaluation of proanthocyanidin-rich extract from
grape seeds. Food Chem. Toxicol. 2002, 40, 599–607. [CrossRef]

22. Yu, F.; Li, B.Y.; Li, X.L.; Cai, Q.; Zhang, Z.; Cheng, M.; Yin, M.; Wang, J.F.; Zhang, J.H.; Lu, W.D.; et al.
Proteomic analysis of aorta and protective effects of grape seed procyanidin B2 in db/db mice reveal a critical
role of milk fat globule epidermal growth factor-8 in diabetic arterial damage. PLoS ONE 2012, 7, e52541.
[CrossRef] [PubMed]

23. Chen, D.M.; Cai, X.; Kwik-Uribe, C.L.; Zeng, R.; Zhu, X.Z. Inhibitory effects of procyanidin B(2) dimer on
lipid-laden macrophage formation. J. Cardiovasc. Pharmacol. 2006, 48, 54–70. [CrossRef] [PubMed]

24. Li, B.Y.; Li, X.L.; Cai, Q.; Gao, H.Q.; Cheng, M.; Zhang, J.H.; Wang, J.F.; Yu, F.; Zhou, R.H. Induction of
lactadherin mediates the apoptosis of endothelial cells in response to advanced glycation end products
and protective effects of grape seed procyanidin B2 and resveratrol. Apoptosis 2011, 16, 732–745. [CrossRef]
[PubMed]

25. Mackenzie, G.G.; Adamo, A.M.; Decker, N.P.; Oteiza, P.I. Dimeric procyanidin B2 inhibits constitutively active
NF-kappaB in Hodgkin’s lymphoma cells independently of the presence of IkappaB mutations. Biochem.
Pharmacol. 2008, 75, 1461–1471. [CrossRef]

26. Spurlino, J.C.; Smallwood, A.M.; Carlton, D.D.; Banks, T.M.; Vavra, K.J.; Johnson, J.S.; Cook, E.R.; Falvo, J.;
Wahl, R.C.; Pulvino, T.A.; et al. 1.56 A structure of mature truncated human fibroblast collagenase. Proteins
1994, 19, 98–109. [CrossRef]

27. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E.
The Protein Data Bank. Nucleic Acids Res. 2000, 28, 235–242. [CrossRef]

28. Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, P.A.; Yu, B.;
et al. PubChem 2019 update: Improved access to chemical data. Nucleic Acids Res. 2019, 47, D1102–D1109.
[CrossRef]

29. Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness
and medicinal chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717. [CrossRef]

30. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Montgomery, J.A., Jr.;
Vreven, T.; Kudin, K.N.; Burant, J.C.; et al. Gaussian 03, Revision B. 04; Gaussian Inc.: Wallingford, CT, USA,
2003.

31. Bharadwaj, S.; Lee, K.E.; Dwivedi, V.D.; Yadava, U.; Nees, M.; Kang, S.G. Density functional theory and
molecular dynamics simulation support Ganoderma lucidum triterpenoids as broad range antagonist of
matrix metalloproteinases. J. Mol. Liq. 2020, 311, 113322. [CrossRef]

32. Yadava, U.; Gupta, H.; Roychoudhury, M. A comparison of crystallographic and DFT optimized geometries
on two taxane diterpenoids and docking studies with phospholipase A2. Med. Chem. Res. 2012, 21, 2162–2168.
[CrossRef]

http://dx.doi.org/10.1016/j.jdermsci.2016.11.010
http://dx.doi.org/10.1042/bj2630201
http://dx.doi.org/10.1371/journal.pone.0159998
http://dx.doi.org/10.1016/j.indcrop.2018.06.029
http://dx.doi.org/10.1002/1097-0142(20010215)91:4&lt;822::AID-CNCR1070&gt;3.0.CO;2-G
http://dx.doi.org/10.1039/C5RA01263E
http://dx.doi.org/10.1902/jop.2009.090251
http://dx.doi.org/10.1016/S0278-6915(02)00006-6
http://dx.doi.org/10.1371/journal.pone.0052541
http://www.ncbi.nlm.nih.gov/pubmed/23285083
http://dx.doi.org/10.1097/01.fjc.0000242052.60502.21
http://www.ncbi.nlm.nih.gov/pubmed/16954822
http://dx.doi.org/10.1007/s10495-011-0602-4
http://www.ncbi.nlm.nih.gov/pubmed/21505870
http://dx.doi.org/10.1016/j.bcp.2007.12.013
http://dx.doi.org/10.1002/prot.340190203
http://dx.doi.org/10.1093/nar/28.1.235
http://dx.doi.org/10.1093/nar/gky1033
http://dx.doi.org/10.1038/srep42717
http://dx.doi.org/10.1016/j.molliq.2020.113322
http://dx.doi.org/10.1007/s00044-011-9724-z


Biomolecules 2020, 10, 1379 22 of 24

33. Yadava, U.; Gupta, H.; Roychoudhury, M. Stabilization of microtubules by taxane diterpenoids: Insight from
docking and MD simulations. J. Biol. Phys. 2015, 41, 117–133. [CrossRef] [PubMed]

34. Schrödinger Release, Version 2015-2; Schrödinger, LLC: New York, NY, USA, 2015.
35. Iyer, S.; Visse, R.; Nagase, H.; Acharya, K.R. Crystal structure of an active form of human MMP-1. J. Mol.

Biol. 2006, 362, 78–88. [CrossRef] [PubMed]
36. Kaushik, A.C.; Kumar, A.; Rehman, A.U.; Junaid, M.; Khan, A.; Bharadwaj, S.; Sahi, S.; Wei, D.Q. Deciphering

G-Protein-Coupled Receptor 119 Agonists as Promising Strategy against Type 2 Diabetes Using Systems
Biology Approach. ACS Omega 2018, 3, 18214–18226. [CrossRef]

37. Li, L.; Li, C.; Zhang, Z.; Alexov, E. On the Dielectric “Constant” of Proteins: Smooth Dielectric Function for
Macromolecular Modeling and Its Implementation in DelPhi. J. Chem. Theory Comput. 2013, 9, 2126–2136.
[CrossRef]

38. Sherman, W.; Day, T.; Jacobson, M.P.; Friesner, R.A.; Farid, R. Novel procedure for modeling ligand/receptor
induced fit effects. J. Med. Chem. 2006, 49, 534–553. [CrossRef]

39. Friesner, R.A.; Murphy, R.B.; Repasky, M.P.; Frye, L.L.; Greenwood, J.R.; Halgren, T.A.; Sanschagrin, P.C.;
Mainz, D.T. Extra precision glide: Docking and scoring incorporating a model of hydrophobic enclosure for
protein-ligand complexes. J. Med. Chem. 2006, 49, 6177–6196. [CrossRef]

40. Bowers, K.J.; Chow, E.; Xu, H.; Dror, R.O.; Eastwood, M.P.; Gregersen, B.A.; Klepeis, J.L.; Kolossvary, I.;
Moraes, M.A.; Sacerdoti, F.D. Scalable algorithms for molecular dynamics simulations on commodity clusters.
In Proceedings of the 2006 ACM/IEEE conference on Supercomputing, Tampa, FL, USA, 11–17 November
2006; p. 84.

41. Guo, Z.; Mohanty, U.; Noehre, J.; Sawyer, T.K.; Sherman, W.; Krilov, G. Probing the alpha-helical structural
stability of stapled p53 peptides: Molecular dynamics simulations and analysis. Chem. Biol. Drug Des. 2010,
75, 348–359. [CrossRef]

42. Dapprich, S.; Komáromi, I.; Byun, K.S.; Morokuma, K.; Frisch, M.J. A new ONIOM implementation
in Gaussian98. Part I. The calculation of energies, gradients, vibrational frequencies and electric field
derivatives1Dedicated to Professor Keiji Morokuma in celebration of his 65th birthday.1. J. Mol. Struct. 1999,
461–462, 1–21. [CrossRef]

43. Genheden, S.; Kuhn, O.; Mikulskis, P.; Hoffmann, D.; Ryde, U. The Normal-Mode Entropy in the MM/GBSA
Method: Effect of System Truncation, Buffer Region, and Dielectric Constant. J. Chem. Inf. Model. 2012, 52,
2079–2088. [CrossRef]

44. Ben-Shalom, I.Y.; Pfeiffer-Marek, S.; Baringhaus, K.H.; Gohlke, H. Efficient Approximation of Ligand
Rotational and Translational Entropy Changes upon Binding for Use in MM-PBSA Calculations. J. Chem. Inf.
Model. 2017, 57, 170–189. [CrossRef] [PubMed]

45. Duan, L.L.; Liu, X.; Zhang, J.Z.H. Interaction Entropy: A New Paradigm for Highly Efficient and Reliable
Computation of Protein-Ligand Binding Free Energy. J. Am. Chem. Soc. 2016, 138, 5722–5728. [CrossRef]
[PubMed]

46. Genheden, S.; Akke, M.; Ryde, U. Conformational Entropies and Order Parameters: Convergence,
Reproducibility, and Transferability. J. Chem. Theory Comput. 2014, 10, 432–438. [CrossRef] [PubMed]

47. Hikiri, S.; Yoshidome, T.; Ikeguchi, M. Computational Methods for Configurational Entropy Using Internal
and Cartesian Coordinates. J. Chem. Theory Comput. 2016, 12, 5990–6000. [CrossRef]

48. Sharp, K. Calculation of Molecular Entropies Using Temperature Integration. J. Chem. Theory Comput. 2013,
9, 1164–1172. [CrossRef]

49. Choi, H.; Kang, H.; Park, H. Computational prediction of molecular hydration entropy with hybrid scaled
particle theory and free-energy perturbation method. J. Chem. Theory Comput. 2015, 11, 4933–4942. [CrossRef]

50. Gyimesi, G.; Zavodszky, P.; Szilagyi, A. Calculation of Configurational Entropy Differences from
Conformational Ensembles Using Gaussian Mixtures. J. Chem. Theory Comput. 2017, 13, 29–41. [CrossRef]

51. Hou, T.; Wang, J.; Li, Y.; Wang, W. Assessing the performance of the MM/PBSA and MM/GBSA methods. 1.
The accuracy of binding free energy calculations based on molecular dynamics simulations. J. Chem. Inf.
Model. 2011, 51, 69–82. [CrossRef]

52. Bharadwaj, S.; Rao, A.K.; Dwivedi, V.D.; Mishra, S.K.; Yadava, U. Structure-based screening and validation
of bioactive compounds as Zika virus methyltransferase (MTase) inhibitors through first-principle density
functional theory, classical molecular simulation and QM/MM affinity estimation. J. Biomol. Struct. Dynam.
2020, 1–14. [CrossRef]

http://dx.doi.org/10.1007/s10867-014-9369-5
http://www.ncbi.nlm.nih.gov/pubmed/25542396
http://dx.doi.org/10.1016/j.jmb.2006.06.079
http://www.ncbi.nlm.nih.gov/pubmed/16890240
http://dx.doi.org/10.1021/acsomega.8b01941
http://dx.doi.org/10.1021/ct400065j
http://dx.doi.org/10.1021/jm050540c
http://dx.doi.org/10.1021/jm051256o
http://dx.doi.org/10.1111/j.1747-0285.2010.00951.x
http://dx.doi.org/10.1016/S0166-1280(98)00475-8
http://dx.doi.org/10.1021/ci3001919
http://dx.doi.org/10.1021/acs.jcim.6b00373
http://www.ncbi.nlm.nih.gov/pubmed/27996253
http://dx.doi.org/10.1021/jacs.6b02682
http://www.ncbi.nlm.nih.gov/pubmed/27058988
http://dx.doi.org/10.1021/ct400747s
http://www.ncbi.nlm.nih.gov/pubmed/26579922
http://dx.doi.org/10.1021/acs.jctc.6b00563
http://dx.doi.org/10.1021/ct300901x
http://dx.doi.org/10.1021/acs.jctc.5b00325
http://dx.doi.org/10.1021/acs.jctc.6b00837
http://dx.doi.org/10.1021/ci100275a
http://dx.doi.org/10.1080/07391102.2020.1747545


Biomolecules 2020, 10, 1379 23 of 24

53. Mena-Ulecia, K.; Tiznado, W.; Caballero, J. Study of the Differential Activity of Thrombin Inhibitors Using
Docking, QSAR, Molecular Dynamics, and MM-GBSA. PLoS ONE 2015, 10, e0142774. [CrossRef]

54. Di, L.; Kerns, E.H. Drug-Like Properties: Concepts, Structure Design and Methods from ADME to Toxicity
Optimization; Academic Press: Cambridge, MA, USA, 2015.

55. Kramer, C.; Ting, A.; Zheng, H.; Hert, J.; Schindler, T.; Stahl, M.; Robb, G.; Crawford, J.J.; Blaney, J.;
Montague, S.; et al. Learning Medicinal Chemistry Absorption, Distribution, Metabolism, Excretion, and
Toxicity (ADMET) Rules from Cross-Company Matched Molecular Pairs Analysis (MMPA). J. Med. Chem.
2018, 61, 3277–3292. [CrossRef] [PubMed]

56. Macarron, R. Critical review of the role of HTS in drug discovery. Drug Discov. Today 2006, 11, 277–279.
[CrossRef] [PubMed]

57. Lipinski, C.A. Lead- and drug-like compounds: The rule-of-five revolution. Drug Discov. Today Technol. 2004,
1, 337–341. [CrossRef] [PubMed]

58. Darcel, L.; Djibo, M.; Gaillard, M.; Raviglione, D.; Bonnard, I.; Banaigs, B.; Inguimbert, N. Trichormamide C
Structural Confirmation through Total Synthesis and Extension to Analogs. Org. Lett. 2020, 22, 145–149.
[CrossRef] [PubMed]

59. Prabavathi, N.; Nilufer, A.; Krishnakumar, V. Vibrational spectroscopic (FT-IR and FT-Raman) studies,
natural bond orbital analysis and molecular electrostatic potential surface of Isoxanthopterin. Spectrochim.
Acta A 2013, 114, 101–113. [CrossRef] [PubMed]

60. Yearley, E.J.; Zhurova, E.A.; Zhurov, V.V.; Pinkerton, A.A. Experimental electron density studies of
non-steroidal synthetic estrogens: Diethylstilbestrol and dienestrol. J. Mol. Struct. 2008, 890, 240–248.
[CrossRef]

61. Politzer, P.; Murray, J.S. Relationships between dissociation energies and electrostatic potentials of CNO2
bonds: Applications to impact sensitivities. J. Mol. Struct. 1996, 376, 419–424. [CrossRef]

62. Fukui, K. Role of frontier orbitals in chemical reactions. Science 1982, 218, 747–754. [CrossRef]
63. Streitwieser, A., Jr. The 1981 nobel prize in chemistry. Science 1981, 214, 627–629. [CrossRef]
64. Pearson, R.G. Electronic spectra and chemical reactivity. J. Am. Chem. Soc. 1988, 110, 2092–2097. [CrossRef]
65. Thanthiriwatte, K.S.; de Silva, K.M.N. Non-linear optical properties of novel fluorenyl derivatives - ab initio

quantum chemical calculations. J. Mol. Struc. 2002, 617, 169–175. [CrossRef]
66. Aihara, J. Reduced HOMO-LUMO gap as an index of kinetic stability for polycyclic aromatic hydrocarbons.

J. Phys. Chem. A 1999, 103, 7487–7495. [CrossRef]
67. Shoichet, B.K.; McGovern, S.L.; Wei, B.Q.; Irwin, J.J. Lead discovery using molecular docking. Curr. Opin.

Chem. Biol. 2002, 6, 439–446. [CrossRef]
68. Gohlke, H.; Klebe, G. Approaches to the description and prediction of the binding affinity of small-molecule

ligands to macromolecular receptors. Angew. Chem. Int. Ed. Engl. 2002, 41, 2644–2676. [CrossRef]
69. Mohankumar, T.; Chandramohan, V.; Lalithamba, H.S.; Jayaraj, R.L.; Kumaradhas, P.; Sivanandam, M.;

Hunday, G.; Vijayakumar, R.; Balakrishnan, R.; Manimaran, D.; et al. Design and Molecular
dynamic Investigations of 7,8-Dihydroxyflavone Derivatives as Potential Neuroprotective Agents Against
Alpha-synuclein. Sci. Rep. 2020, 10, 599. [CrossRef]

70. Itoh, Y.; Nakashima, Y.; Tsukamoto, S.; Kurohara, T.; Suzuki, M.; Sakae, Y.; Oda, M.; Okamoto, Y.; Suzuki, T.
N(+)-C-H...O Hydrogen bonds in protein-ligand complexes. Sci. Rep. 2019, 9, 767. [CrossRef]

71. Jeffrey, G.A.; Saenger, W. Hydrogen Bonding in Biological Structures; Springer Science & Business Media:
Heidelberg, Germany, 2012.

72. Desiraju, G.R. Hydrogen bridges in crystal engineering: Interactions without borders. Acc. Chem. Res. 2002,
35, 565–573. [CrossRef]

73. Sanphui, P.; Rajput, L.; Gopi, S.P.; Desiraju, G.R. New multi-component solid forms of anti-cancer drug
Erlotinib: Role of auxiliary interactions in determining a preferred conformation. Acta Crystallogr. B 2016, 72,
291–300. [CrossRef]

74. Connelly, P.R.; Snyder, P.W.; Zhang, Y.; McClain, B.; Quinn, B.P.; Johnston, S.; Medek, A.; Tanoury, J.;
Griffith, J.; Patrick Walters, W.; et al. The potency-insolubility conundrum in pharmaceuticals: Mechanism
and solution for hepatitis C protease inhibitors. Biophys. Chem. 2015, 196, 100–108. [CrossRef]

75. Panigrahi, S.K. Strong and weak hydrogen bonds in protein-ligand complexes of kinases: A comparative
study. Amino Acids 2008, 34, 617–633. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0142774
http://dx.doi.org/10.1021/acs.jmedchem.7b00935
http://www.ncbi.nlm.nih.gov/pubmed/28956609
http://dx.doi.org/10.1016/j.drudis.2006.02.001
http://www.ncbi.nlm.nih.gov/pubmed/16580969
http://dx.doi.org/10.1016/j.ddtec.2004.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24981612
http://dx.doi.org/10.1021/acs.orglett.9b04064
http://www.ncbi.nlm.nih.gov/pubmed/31855439
http://dx.doi.org/10.1016/j.saa.2013.05.013
http://www.ncbi.nlm.nih.gov/pubmed/23751224
http://dx.doi.org/10.1016/j.molstruc.2008.03.053
http://dx.doi.org/10.1016/0022-2860(95)09066-5
http://dx.doi.org/10.1126/science.218.4574.747
http://dx.doi.org/10.1126/science.214.4521.627
http://dx.doi.org/10.1021/ja00215a013
http://dx.doi.org/10.1016/S0166-1280(02)00419-0
http://dx.doi.org/10.1021/jp990092i
http://dx.doi.org/10.1016/S1367-5931(02)00339-3
http://dx.doi.org/10.1002/1521-3773(20020802)41:15&lt;2644::AID-ANIE2644&gt;3.0.CO;2-O
http://dx.doi.org/10.1038/s41598-020-57417-9
http://dx.doi.org/10.1038/s41598-018-36987-9
http://dx.doi.org/10.1021/ar010054t
http://dx.doi.org/10.1107/S2052520616003607
http://dx.doi.org/10.1016/j.bpc.2014.08.008
http://dx.doi.org/10.1007/s00726-007-0015-4


Biomolecules 2020, 10, 1379 24 of 24

76. Derewenda, Z.S.; Lee, L.; Derewenda, U. The occurrence of C-H...O hydrogen bonds in proteins. J. Mol. Biol.
1995, 252, 248–262. [CrossRef] [PubMed]

77. McDonald, I.K.; Thornton, J.M. Satisfying hydrogen bonding potential in proteins. J. Mol. Biol. 1994, 238,
777–793. [CrossRef] [PubMed]

78. Bissantz, C.; Kuhn, B.; Stahl, M. A medicinal chemist’s guide to molecular interactions. J. Med. Chem. 2010,
53, 5061–5084. [CrossRef]

79. Lovejoy, B.; Cleasby, A.; Hassell, A.M.; Longley, K.; Luther, M.A.; Weigl, D.; McGeehan, G.; McElroy, A.B.;
Drewry, D.; Lambert, M.H.; et al. Structure of the catalytic domain of fibroblast collagenase complexed with
an inhibitor. Science 1994, 263, 375–377. [CrossRef]

80. Thi, T.H.N.; Moon, Y.H.; Ryu, Y.B.; Kim, Y.M.; Nam, S.H.; Kim, M.S.; Kimura, A.; Kim, D. The influence of
flavonoid compounds on the in vitro inhibition study of a human fibroblast collagenase catalytic domain
expressed in E. coli. Enzyme Microb. Tech. 2013, 52, 26–31. [CrossRef]

81. Madhan, B.; Krishnamoorthy, G.; Rao, J.R.; Nair, B.U. Role of green tea polyphenols in the inhibition of
collagenolytic activity by collagenase. Int. J. Biol. Macromol. 2007, 41, 16–22. [CrossRef]

82. Singh, A.N.; Baruah, M.M.; Sharma, N. Structure Based docking studies towards exploring potential
anti-androgen activity of selected phytochemicals against Prostate Cancer. Sci. Rep. 2017, 7, 1955. [CrossRef]

83. Dwivedi, V.D.; Tripathi, I.P.; Bharadwaj, S.; Kaushik, A.C.; Mishra, S.K. Identification of new potent inhibitors
of dengue virus NS3 protease from traditional Chinese medicine database. Virusdisease 2016, 27, 220–225.
[CrossRef]

84. Bharadwaj, S.; Lee, K.E.; Dwivedi, V.D.; Yadava, U.; Kang, S.G. Computational aided mechanistic
understanding of Camellia sinensis bioactive compounds against co-chaperone p23 as potential anticancer
agent. J. Cell Biochem. 2019, 120, 19064–19075. [CrossRef]

85. Chaires, J.B. Calorimetry and thermodynamics in drug design. Annu. Rev. Biophys. 2008, 37, 135–151.
[CrossRef]

86. Ruben, A.J.; Kiso, Y.; Freire, E. Overcoming roadblocks in lead optimization: A thermodynamic perspective.
Chem. Biol. Drug Design 2006, 67, 2–4. [CrossRef] [PubMed]

87. Freire, E. Do enthalpy and entropy distinguish first in class from best in class? Drug Discov. Today 2008, 13,
869–874. [CrossRef] [PubMed]

88. Velazquez-Campoy, A.; Kiso, Y.; Freire, E. The binding energetics of first- and second-generation HIV-1
protease inhibitors: Implications for drug design. Arch. Biochem. Biophys. 2001, 390, 169–175. [CrossRef]
[PubMed]

89. Freire, E. Isothermal titration calorimetry: Controlling binding forces in lead optimization. Drug Discov.
Today Technol. 2004, 1, 295–299. [CrossRef]

90. Lonsdale, R.; Harvey, J.N.; Mulholland, A.J. Effects of Dispersion in Density Functional Based Quantum
Mechanical/Molecular Mechanical Calculations on Cytochrome P450 Catalyzed Reactions. J. Chem. Theory
Comput. 2012, 8, 4637–4645. [CrossRef] [PubMed]

91. Bharadwaj, S.; Lee, K.E.; Dwivedi, V.D.; Yadava, U.; Panwar, A.; Lucas, S.J.; Pandey, A.; Kang, S.G. Discovery
of Ganoderma lucidum triterpenoids as potential inhibitors against Dengue virus NS2B-NS3 protease. Sci.
Rep. 2019, 9, 19059. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1006/jmbi.1995.0492
http://www.ncbi.nlm.nih.gov/pubmed/7674305
http://dx.doi.org/10.1006/jmbi.1994.1334
http://www.ncbi.nlm.nih.gov/pubmed/8182748
http://dx.doi.org/10.1021/jm100112j
http://dx.doi.org/10.1126/science.8278810
http://dx.doi.org/10.1016/j.enzmictec.2012.10.001
http://dx.doi.org/10.1016/j.ijbiomac.2006.11.013
http://dx.doi.org/10.1038/s41598-017-02023-5
http://dx.doi.org/10.1007/s13337-016-0328-6
http://dx.doi.org/10.1002/jcb.29229
http://dx.doi.org/10.1146/annurev.biophys.36.040306.132812
http://dx.doi.org/10.1111/j.1747-0285.2005.00314.x
http://www.ncbi.nlm.nih.gov/pubmed/16492143
http://dx.doi.org/10.1016/j.drudis.2008.07.005
http://www.ncbi.nlm.nih.gov/pubmed/18703160
http://dx.doi.org/10.1006/abbi.2001.2333
http://www.ncbi.nlm.nih.gov/pubmed/11396919
http://dx.doi.org/10.1016/j.ddtec.2004.11.016
http://dx.doi.org/10.1021/ct300329h
http://www.ncbi.nlm.nih.gov/pubmed/26605619
http://dx.doi.org/10.1038/s41598-019-55723-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology 
	Receptor and Ligands Collection 
	ADME and Quantum Chemical Calculations 
	Molecular Docking Simulation 
	Explicit Molecular Dynamics Simulations 
	Post Molecular Simulation Quantum Chemical Calculations 
	Molecular Mechanics Generalized Born Surface Area (MM/GBSA) Calculations 
	MMP-1 Zymography 
	Western Blot Analysis for MMP-1 

	Results and Discussion 
	ADME and Quantum Chemical Calculation Analysis 
	Molecular Docking Simulation and Intermolecular Interaction Analysis 
	Molecular Dynamics Simulation Analysis 
	Post-Molecular Simulation Quantum Chemical Calculations 
	Binding Free Energy Calculations 
	MMP-1–Zymography Analysis 

	Conclusions 
	References

