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Abstract
Procyanidin B1 is one of the natural dimeric flavonoids. It has established a great role in antioxidative activity. In the 
current study, we wish to provide crucial information on its antioxidative action by the DFT computational and docking 
approaches. From point of thermodynamic view, at the M062X/6-311G(d,p) level, the HAT (hydrogen atom transfer) and 
SPL-ET (sequential proton loss-electron transfer) are principal antioxidative routes of this compound in gas and methanol, 
respectively. OH groups of two phenyl rings of this molecule are likely to be the best antiradical sites. In the kinetics of the 
interactions with  HOO• radicals, OH groups of phenyl rings have also generated the best ΔG# (Gibbs free energy of activa-
tion) and rate constant K. The antioxidative action of procyanidin B1 is further confirmed by its chelation to metal ions, in 
which complex formation with  Cu2+ having lower binding energy is more stable than complex formation with  Zn2+. Dock-
ing study revealed that the antioxidative activity of procyanidin B1 involved human tyrosinase enzyme inhibition through 
interaction with essential residues, focusing on the OH groups of two phenyl rings.

Keywords Procyanidin B1 · Antioxidant · Density functional theory · Docking

Introduction

Procyanidins, also referred to as proanthocyanidins, are one 
of the most beneficial chemical classes of flavonoids [1]. 
They have been categorized as oligomeric compounds, and 
were structurally formed from catechin and epicatechin units 
[2]. Many herbaceous plants, such as apple, cocoa bean, 
green tea, and grape, are the rich resources [3]. Procyani-
din derivatives established a great role in food chemistry 
because their antioxidative activity against free radicals was 
30–50 times higher than vitamins C and E [4, 5].

Procyanidin B1 (PB1) is a dimeric molecule, compris-
ing of ( +)-catechin and ( −)-epicatechin units connected via 

4β → 8″ bond (Fig. 1). This metabolite can be detected in 
many plants, such as Cinnamomum verum, Prunus persica, 
Uncaria guianensis, and Vitis vinifera [6, 7]. Various reports 
identified that PB1 is considered as a promising antioxidant 
agent. In the antioxidant assay against DPPH radical, PB1 
has induced the  EC50 value of 3.2 ×  10−6 M much lower than 
that of the positive controls resveratrol, ascorbic acid, and 
trolox (11.8–31.4 ×  10−6 M) [8]. In another antioxidant assay 
measured by TEAC (trolox equivalent antioxidant capac-
ity), FRAP (ferric-reducing antioxidant power), and HOCl 
(hypochlorous acid) methods, PB1 reached the respective 
 IC50 values of 6.55, 11.85, and 15.12 mM, as compared with 
those of ascorbic acid  (IC50 1.42, 2.26, and 427.62 mM) [9].

Although there have been increasing numbers of experi-
mental studies on the antioxidant of PB1, the computational 
approaches to shed light on the most active sites in this mol-
ecule are very limited. Our current study uses DFT calcula-
tion to estimate the OH bond breakage energies and kinetics 
of compound PB1 [10–14]. Furthermore, tyrosinase enzyme 
is a well-known target for antioxidative drug development, 
in which it participated in three stages of melagonesis at 
least [15]. It promoted L-DOPA by hydroxylation. Also, 
it catalyzed the oxidation of 5,6-dihydroxyindole to form 
indole-5,6-quinone. Based on these findings, molecules that 
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inhibited tyrosinase would block melanin biosynthesis and 
were used for the treatment of skin blemishes [16]. Thus, 
we aim to investigate the inhibitory potential of PB1 against 
tyrosinase enzyme by docking study.

Theoretical methodology

DFT computational studies

The DFT computational procedures were administered using 
the functional M062X [17]. Geometrical processes regarding 
molecule PB1-OH and its derivatives PB1-O•, PB1-OH•+, 
and PB1-O− have been fully optimized at the M062X/6-
311G(d,p) level utilizing the Gaussian 09 W package [18]. 
To ensure accuracy, harmonic frequency calculations were 
carried out to validate ZPE corrections and stationary points, 
at the same M062X/6-311G(d,p) level. The computational 
polarizable continuum solvation model was extensively 
applied to theoretically estimate solvent effects.

The free radical scavenging by antioxidant molecule PB1-
OH can be performed through three different processes, con-
sisting of HAT, SET-PT, and SPL-ET [19–23].

a) The HAT process, also known as hydrogen atom trans-
fer, is due to the abstraction of a proton from PB1-OH, 
and quickly transfers to the radical  A• (Eq. (1)). This 
reaction has been classified as a homolytic action, and 
has been considered by the BDE (bond dissociation 
energy) (Eq. (2)).

b) The SET-PT process contains the single-electron transfer 
(SET) and the proton transfer (PT). As shown in Eq. (3), 

(1)PB1 − OH + A
∙
→ PB1 − O

∙
+ AH

(2)BDE = E(PB1 − O
∙
) + E(H

∙
) − E(PB1 − OH)

the electron loss from PB1-OH to PB1-OH•+ represents 
the SET, and can be recognized by the AIP (atomic ioni-
zation potential) (Eq. (4)). After the SET, PB1-OH•+ 
has been further deprotonated, and this action can be 
characterized by the PDE (proton dissociation enthalpy) 
(Eq. (5)).

c) The SPL-ET process is caused by the sequential proton 
loss (SPL), and then the electron transfer (ET). In the 
first action (Eq. (6)), PB1-OH is converted into PB1-O− 
by deprotonation, whereas the second process involves 
electron delivery from PB1-O− to the radical  A•. It turns 
out that the PA (proton affinity) and ETE (electron trans-
fer enthalpy) are applied to consider energy for the first 
and second processes, respectively (Eqs. (7) and (8)).

E(N) represents the total enthalpy of the species N in 
the DFT calculation, and it can be represented as Eq. (9) 
[19].

where Q and ZPE represent the respective electronic and 
zero-point energies. The ∆Etrans, ∆Erot, and ∆Evib display 

(3)PB1 − OH + A
∙
→ PB1 − OH

∙+
+ A

−
→ PB1 − O

∙
+ AH

(4)AIP = E(PB1 − OH
+∙
) + E(e−) − E(PB1 − OH)

(5)PDE = E(PB1 − O
∙
) + E(H

+
) − E(PB1 − OH

∙+
)

(6)
PB1 − OH → PB1 − O

−
+ H

+
;PB1 − O

−

+A
∙
→ PB1 − O

∙
+ A

−
;A

−
+ H

+
→ AH

(7)PA = E(PB1 − O
−
) + E(H

+
) − E(PB1 − OH)

(8)ETE = E(PB1 − O
∙
) + E(e−) − E(PB1 − O

−
)

(9)E(N) = Q + ZPE + ΔE
trans

+ ΔE
rot

+ ΔE
vib

+ RT

Fig. 1  General structure of pro-
cyanidin B1 (PB1) with atom 
numbering and its optimized 
form at the theoretical M06-
2X/6-311G(d,p) level
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the translational, rotational, and vibrational contributions to 
enthalpy, respectively. The E(e–) and E(H+) were extracted 
from previous reports [19].

The Fukui function denotes the electron density after 
accepting or denoting an electron, by which it may estimate 
where the most nucleophilic (fx

−), electrophilic (fx
+), or radi-

cal (fx
o) sites on a substance are Eqs. (10)–(12) [23].

where R stands for the total charge of atom. The electronic 
populations of an atom in neutral, anionic, and cationic 
forms are PX(M), PX(M + 1), and PX(M − 1), respectively.

The conventional TST (transition state theory) was 
employed to view the kinetic aspect of a radical reaction 
[20, 21]. At T = 300 K and the M062X/6-311G(d,p) level, 
the rate constant K has induced a relation to the ΔG# (Gibbs 
free energy of activation) as shown in the next equation 
(Eq. (13)).

where κ, h, and kB denote the Wigner coefficient and the 
Plank and Boltzmann constants, respectively.

Docking studies

The molecular docking study utilized AutoDock 4.2.6 with 
Lamarckian genetic algorithm (LGA) for searching the opti-
mized dock pose together with a scoring function to calcu-
late the binding affinity. The three-dimensional structure of 
PB1 was prepared using MarvinSketch version 19.27.0 and 
PyMOL version 1.3r1 [24]. Subsequently, geometry mini-
mization was carried out using DG-AMMOS with default 
setting [25]. The energy minimization of the ligand was per-
formed using Gabedit version 2.5.0 [26]. The X-ray crystal 
structure of human tyrosinase-related protein was achieved 
from the Protein Data Bank archive (PDB) with entry ID: 
5M8M [27]. A natural occurring tyrosinase inhibitor, kojic 
acid (KA), is selected as a reference ligand [28].

It assumed that the protein is rigid and the conformational 
space of the ligands to analyze the inductive effect of the 
compounds is considered. AutoDockTools were utilized to 
prepare protein for docking simulations. The heteroatoms 
including water molecules were deleted and polar hydrogen 
atoms and Kollman charges were added to the receptor mol-
ecule. All other bonds were allowed to be rotatable. In the 

(10)f +
x
= RX(M + 1) − RX(M)

(11)f −
x
= RX(M) − RX(M − 1)

(12)f o
x
= [RX(M + 1) − RX(M − 1)]∕2

(13)k(T) = �

T .kB

h
e

−ΔG#

RT

docking analysis, the binding site was enclosed in a box with 
the number of grid points in x × y × z directions (56 × 56 × 56) 
and a grid spacing of 0.375 Å. The center of grid box was 
assigned as x =  − 33.215, y =  − 0.292, and z =  − 26.008 to 
involve the active site of receptor which was constituted by 
residues His192, Val196, Tyr362, Arg374, His377, His381, 
Thr391, and Ser394 [29–31]. Initially, AutoGrid was run to 
generate the grid map of various atoms of the ligands and 
receptor. After that, AutoDock was run by using autodock 
parameters as follows: GA population size, 300; maximal 
number of energy evaluations, 25,000,000; and the number 
of generations, 27,000. A maximal number of 50 conform-
ers were considered for each molecule, and the root-mean-
square (RMS) cluster tolerance was set to 2.0 Å in each run.

Results and discussion

Geometrical analysis

The effects of radical quenching reactions are highly influ-
enced by the chemical structural features such as bond 
distance, and geochemistry, particularly the fluctuation of 
OH groups [19]. In this section, we briefly describe geo-
metrical analysis for molecule PB1. Figure 1 and Table S1 
provide information on the optimized structure of compound 
PB1 in gas, water, methanol, and benzene at the M062X/6-
311G(d,p) level. The π-electrons are found to be delocalized 
in aromatic rings A1, A2, B1, and B2, but they are com-
pletely absent in rings C1 and C2. The co-planarity between 
chromene and phenyl rings and between two chromene rings 
is lost; thereby the dihedral angle θ (C3-C4-C8″-C8″a) 
reached averagely − 93.25°. It is also viewed that 3′-OH 
and 3‴-OH have hydrogen bonds with OH-4‴ and OH-5, 
respectively. In contrast to the 3′-OH…OH-4‴ bond, the 
3‴-OH…OH-5 bond seems to be more durable in nonpo-
lar or weak solvents (Table S1). Except for the cases of 4′ 
(O–H), 7″(O–H), and 4‴(O–H), the O–H bond lengths in 
the remaining cases have been dropped by 0.001–0.004 Å.

In order to establish the relative position between ( +)-cat-
echin and ( −)-epicatechin, a curve of the dependence of 
energy on the dihedral angle θ was designed (Fig. 2), in 
which the energy of each conformer was obtained when 
θ changed in a step of 10° (Table S2). At the M062X/6-
31G(d,p) theoretical level, the absolute minimal conformer 
is located at − 90°, whereas the local conformers have been 
established at − 70, − 10, 60, 150, and 170° with the relative 
energy ΔE values of 1.013, 3.080, 1.625, and 8.404 kcal/
mol, respectively. In the meantime, the interchangeable bar-
riers are found to peak at − 150, − 80, − 50, 50, 130, and 160° 
with the ΔE values of 11.374, 1.328, 5.749, 9.735, 15.725, 
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and 10.054 kcal/mol, respectively. Taken together, it sug-
gests that the geometrical and electronic properties and OH 
behavior may decide the differences in anti-oxidative results.

Frontier molecular orbital theory (FMO) 
and molecular electrostatic potential (MEP)

The FMO analysis is a prompt and crucial approach that con-
siders the antioxidant of organic molecules [32]. Band gap 
energy εgap demonstrates the donated capacity of electrons, 
and the HOMO shape elucidates the preferential sites for 
radical attack [32]. As shown in Fig. 3, the εgap values rank 
in an order of gas < benzene < methanol < water. It can be 
concluded that medium solvent methanol and polar solvent 
water have greatly affected the processes to form PB1-OH•+ 
and PB1-O−, while weak polar or nonpolar mediums support 
the homolytic processes [33]. The HOMO and LUMO illus-
trations of neutral and radical forms are not different when 
converted gas into benzene, methanol, and water (Figs. 3 and 

Fig. 2  Potential energy curve versus the dihedral angle θ (C3-C4-
C8″-C8″a) in gas at the theoretical M06-2X/6-311G(d,p) level

Fig. 3  HOMO and LUMO 
images of neutral form in all 
studied mediums and band gap 
energy εgap = εHOMO − εLUMO 
at the theoretical M06-2X/6-
311G(d,p) level

HOMO LUMO
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S1). The neutral HOMO picture is characterized by electron 
delocalization in phenyl ring B1, and a little in 3‴-OH and 
4‴-OH groups (Fig. 3). Regarding radicals, almost cases 
have been associated with the high electron concentration in 
two phenyl rings B1 and B2 (Fig. S1). Hence, two aromatic 
phenyl rings seem to facilitate antioxidative reactions better 
than chromene nuclei.

The MEP illustration was used as a map to visual-
ize charged regions (the electron deficiency and excess) 
of each atom in a molecule [33]. The charged potentials 
have closely related to the color order: blue > green > yel-
low > orange > red, in which blue stands for the most posi-
tive charge, whereas orange and red conjugate with the most 
negative charge [33]. Green deduces from zero charge. From 
Fig. S2, oxygenated atoms are in conjunction with yellow; 
aromatic carbons and hydrogens are accompanied by green 
or blue. By means of this, OH groups played as appropriate 
sites for free radical attack [32].

Spin density and Fukui analysis

The spin density is also one of the crucial criteria to 
evaluate the stability of radicals [20, 21]. In a conjugated 

molecule, the unpaired electron is more flexible, and the 
energy will be decreased [34]. Figure 4 exhibits the gase-
ous spin density of the O and C atoms after the H-extrac-
tion at the M062X/6-311G(d,p) level. In general, the 
spin is concentrated in aromatic rings higher than that in 
tetrahydropyran rings. For instance, 4‴-OH radical con-
tained the positive charges at carbons C-1‴, C-3‴, and 
C-5‴, and the negative ones at carbon C-2‴ and C-6‴. 
By means of this, aromatic rings will facilitate radical 
reactions better than saturated rings. In another approach, 
the spin density at the O atom shows the same trend as 
the BDE values [20, 21]. Herein, 3-O• and 3″-O• have 
contained the highest charges of 0.898 and 0.911, respec-
tively. Therefore, it is desirable that the BDE values of the 
aromatic-linked OH groups will be lower.

The Fukui numbers are also a helpful tool to view elec-
tronics and reaction sites of each atom. Electrophilic sites 
have been generally deduced from ∆fx = fx

+  − fx
−  > 0, 

and nucleophilic property is in association with ∆fx < 0 
[35]. Considering the OH groups (Table S3), ∆fx > 0 is 
found at 3-OH, 5-OH, 3′-OH, 4′-OH, and 5″-OH, while 
the remainders are accompanied with ∆fx < 0. Importantly, 
the atom with the negative fx

o is always appropriate for 

Fig. 4  Spin density distribution of structural radicals in the gaseous medium at the theoretical M06-2X/6-311G(d,p) level
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radical reactions [35]. Except for C3, C4, C5, C8a, C2″-O, 
C3″, C8″, C6‴, and H atoms, the remaining atoms, espe-
cially in terms of OH groups, are active sites to capture 
free radicals.

Antioxidant mechanisms

The HAT route

The reaction enthalpy BDE values are greatly dependent 
on environmental and structural factors. In the line with the 
above findings of spin density, at the M062x/6-311G(d.p) 
level, the highest BDE values of 103.9–106.8 kcal/mol are 
assigned to 3-OH and 3″-OH in both four studied mediums, 
whereas aromatic-linked OH groups possess the lower BDE 
values of 83.5–86.7 kcal/mol (Table 1). In each medium, the 
lowest BDE value belongs to 3′-OH (gas [80.9 kcal/mol], 
benzene [83.2 kcal/mol], methanol, and water [83.4 kcal/
mol]). 4‴-OH is one of the group to exert the significant 
BDE values of 83.4 and 83.5 kcal/mol in water and metha-
nol, respectively. The BDE values of 3-OH, 5-OH, and 7-OH 
are found to be mostly unchanged when converted gas into 
solvents. However, in contrast to 3′-OH, 3″-OH, and 5″-OH, 
the BDE values of 4′-OH, 3‴-OH, and 4‴-OH increase with 
the increase of polarity of mediums.

The SET‑PT and SPL‑ET routes

The AIP value would help to consider the SET step, as 
well as it is the key element to decide the SET-PT route 
[19–23]. As can be seen from Table 1, the AIP values run 
following order: gas (168.0 kcal/mol) > benzene (150.4 kcal/
mol) > methanol (120.0 kcal/mol) > water (115.0 kcal/mol). 
It is possible to deduce that ambient polarity has a significant 
impact on the charge species. The second step of the SET-PT 
route is represented by energy for proton dissociation, com-
monly known as the PDE. Alcoholic medium seems to pro-
mote deprotonation since the PDE energy of each OH group 
is arranged in the order as gas ≫ benzene > water > metha-
nol. In the same BDE trend, the highest PDE values are 
owned by 3-OH and 3″-OH in each medium, whereas 3′-OH, 
once again, is found to have the lowest PDE values, espe-
cially in methanol (8.10 kcal/mol) and water (12.4 kcal/
mol). 4‴-OH causes for the remarkable PDE values of 13.9 
and 9.7 kcal/mol in water and methanol, respectively. It is 
further observed that the PDE values of OH groups of two 
phenyl rings are always lower than those of OH groups of 
chromene rings.

SPL-ET, the third mechanism, might be a viable route 
for the antioxidative effect of naturally occurring chemicals, 
particularly in solvents [19, 35]. The PA value is in charge 

Table 1  The reaction enthalpies at 298 K of PB1 at the theoretical M06-2X/6-311G(d,p) level (kcal/mol)

No BDE AIP PDE
Gas Water CH3OH Benzene Gas Water CH3OH Benzene Gas Water CH3OH Benzene

 3-OH 106.8 106.5 106.6 106.8 168.0 115.0 120.0 150.4 252.2 35.5 31.3 54.4
 5-OH 86.0 86.7 86.7 86.3 231.3 15.7 11.3 33.9
 7-OH 88.2 88.5 88.5 88.1 233.6 17.5 13.2 35.7
 3′-OH 80.9 83.4 83.4 83.2 226.2 12.4 8.1 31.6
 4′-OH 87.8 85.3 85.4 86.7 232.1 14.3 10.1 34.3
 3″-OH 103.9 105.1 105.1 104.4 249.2 34.1 29.7 52.0
 5″-OH 86.5 88.1 88.0 87.0 231.8 17.1 12.7 34.6
 7″-OH 85.8 85.8 85.8 85.8 232.7 16.3 12.0 35.0
 3‴-OH 86.6 85.7 85.7 86.0 233.4 16.2 11.8 35.2
 4‴-OH 85.6 83.4 83.5 84.8 232.4 13.9 9.7 34.0

No PA ETE
Gas Water CH3OH Benzene Gas Water CH3OH Benzene

3-OH 365.2 72.9 70.5 128.3 54.9 77.6 80.8 76.6
5-OH 311.5 41.5 37.9 82.2 92.7 86.8 88.9 112.7
7-OH 330.1 49.4 46.3 96.5 71.5 83.1 86.9 89.6
3′-OH 340.5 53.5 50.7 105.2 53.7 73.9 77.5 76.7
4′-OH 350.9 57.5 54.9 112.9 50.2 71.8 75.2 71.8
3″-OH 360.0 71.0 68.3 123.5 57.2 78.0 81.5 78.9
5″-OH 326.4 48.8 45.6 94.4 73.4 83.3 87.1 90.6
7″-OH 327.4 48.4 45.4 95.3 73.3 82.9 86.7 90.0
3‴-OH 312.5 38.0 34.8 82.1 88.9 93.1 97.1 103.5
4‴-OH 328.4 41.8 39.1 93.3 72.0 87.1 88.7 91.0
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of the route’s first step. As shown in Table 1, the PA values 
have the same tendency as the PDE values, by which the PA 
value of each OH group has been drastically increased in 
gas, but gets the lowest value in methanol. It evidently con-
firmed that medium polar solvents greatly support deproto-
nation. In each medium, similar to the BDE and PDE trends, 
the highest PA values are assignable to 3-OH and 3″-OH. 
However, the lowest PA values of 34.8 and 38.0 kcal/mol are 
caused by 3‴-OH in methanol and water, respectively. Our 
result shows an agreement with the analogous publications. 
As a representative example, Chang et al. (2019) suggested 
that in the increasing polar solvents, like ethanol, water, for-
mic acid, acetic acid, and lactic acids, the PA values of OH 
groups of N-glycolylneuraminic and N-acetylneuraminic 
acids were often found lower than those in gas and benzene 
[36].

The second step of the SPL-ET route involved in the 
electron transfer process, which is possibly understand-
able by the ETE enthalpy analysis. The lowest ETE value 
of 50.2 kcal/mol belongs to 4′-OH in gas, while the high-
est ETE values of 112.7 and 103.5 kcal/mol are due to the 
action of 5-OH and 3‴-OH in benzene, respectively. It is 
also found that in each studied medium, 4′-OH possesses 
the lowest ETE values, whereas 5-OH and 3‴-OH always 
generate the highest values. Similar to the analogous report, 
the ETE values have generally increased solvents, especially 
in weak polar solvents, such as benzene, but they decrease 
in nonpolar medium [36, 37]. Hence, it is safely argued that 
environmental gas supports electron transfer processes.

Favorable mechanisms

The favorable antioxidant route of the studied compound 
PB1 has been possibly unraveled by a comparison of 
enthalpy results. The HAT, SET-PT, and SPL-ET routes will 
be decided by the BDE, AIP, and PA values, respectively 
[19–23]. By this approach, the minimum among these three 
enthalpies is expected. From Table 1, the PA values in the 
studied solvents, especially in medium polar solvent metha-
nol, are substantially lower than the AIP and BDE values 
(PA ≪ AIP < BDE). When comparing them, it appears that 
in solvent the SPL-ET route is a preferentially antioxidative 
route for compound PB1. In turn, considering the gaseous 
environment, the BDE values are found lower than the AIP 
and PA values (BDE < AIP ≪ PA). It suggested that the HAT 
is favorable.

Kinetic study

The  HOO• radical, often known as hydrogen superoxide, 
is a protonation form of superoxide. This species existed in 
both atmosphere and living cells. It mainly causes reactive 

oxygen species [38]. In this section, we consider the kinetic 
interactions between the most active sites of molecule PB1 
and  HOO• radicals. To date, no publication has addressed 
this aspect before.

At the M062X/6-311G(d,p) theoretical level, the calcula-
tions were carried out in two mediums gas and methanol. 
The results were outlined in Table 2 and Figs. 5 and S3. 
Previous publications revealed that the free radical reaction 
will be stable and faster with the higher K and the lower 
ΔG# [19–23, 35]. Taking the gaseous results into con-
sideration, similar to the BDE outcomes, 3′-OH +  HOO• 
has established the lowest ΔG# value of 11.1 kcal/mol, 
and the highest K value of 6.738 ×  107 L/mol s (Table 2). 
5-OH +  HOO• is characteristic with the significant ΔG# 
value of 16.8 kcal/mol, and the K value of 1.689 ×  105 L/
mol s. 4′-OH, 3‴-OH, and 4‴-OH interacted with  HOO• 
resulting in the ΔG# values of 17.3–19.3 kcal/mol, and the 
K values of 1.158–6.278 ×  104 L/mol s. The RE (relative 
energy) at TS (transition state) showed the same trend with 
the ΔG# and K values, in which an arrangement run as 3′-O
H < 5-OH < 4‴-OH < 4′-OH < 3‴-OH (Fig. 5).

The ΔG# values are higher, but the K values are lower, 
as converted gas into methanol (Table 5). The highest ΔG# 
increase of 6.20 kcal/mol is found in 3′-OH +  HOO•. Signifi-
cantly, the methanolic K value of 3′-OH +  HOO• is less than 
that in gas by about 1000 times. Likewise, 5-OH +  HOO• 
induces the K value lower than that in gas by 100 times. In 
methanol, OH groups at carbons C-3′, C-4′, and C-4‴ are the 
most active centers with the ΔG# values of 17.7–18.8 kcal/
mol, and the K values of 1.981–9.404 ×  104 L/mol s. Coin-
ciding with the ΔG# and K values, the methanolic RE values 
are followed in a clear order of 4‴-OH < 3′-OH < 4′-OH < 
5-OH < 3‴-OH.

Metal complex chelation

Another antioxidant mechanism of flavonoids could be the for-
mation of complexes between metal ions and polyphenol-type 
flavonoids that prohibit these metal ions from participating in 
the free radical production [39]. Furthermore, natural metal 

Table 2  The calculated ΔG# and K for  HOO• radical attack in gas 
and methanol at the theoretical M06-2X/6-311G(d,p) level

Position ΔG# (kcal/
mol)

K (L/mol s) ΔG# (kcal/
mol)

K (L/mol s)

Gas Methanol

5-OH 16.8 1.689 ×  105 20.2 4.769 ×  103

3′-OH 11.1 6.738 ×  107 17.8 8.829 ×  104

4′-OH 18.9 1.765 ×  104 18.8 1.981 ×  104

3‴-OH 19.3 1.158 ×  104 20.4 3.706 ×  103

4‴-OH 17.3 6.278 ×  104 17.7 9.404 ×  104
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chelators, such as flavonoids, should be preferred over syn-
thetic chelators, which have toxicity [39]. From the PA result 
and the favorable space position between 3‴-OH and 4‴-OH, 
we continue to propose and compare two chelated models 
Cu(PB1)2 and Zn(PB1)2 since  Cu2+ and  Zn2+ were frequently 
used in both experimental and theoretical chelated studies [19, 
37, 39, 40]. The comparison is mostly based on three criteria, 

including the binding energy (BE), and FMO and UV–Vis 
analyses. In methanol, the BE and FMO values have been cal-
culated at the M062X/6-31G(d,p)/LANL2DZ theoretical level, 
while the UV–Vis spectral data were obtained using the TD-
DFT/M062X/6-31G(d,p)/LANL2DZ theoretical level (Table 3 
and Fig. 6). The BE parameter reflects the stability of a com-
plex, which is calculated following the equation below [41].

Fig. 5  Energy diagram for the 
reaction of  HOO• radical attack 
in gas (a) and methanol (b) 
at the theoretical M06-2X/6-
311G(d,p) level

Table 3  Binding energy (kcal/mol) and FMO analysis for complexes Cu(PB1)2 and Zn(PB1)2 in methanol at the theoretical M06-2X/6-
31G(d,p)/LANL2DZ level and UV–Vis analysis in methanol at the theoretical TD-DFT/M06-2X/6-31G(d,p)/LANL2DZ level

No Binding energy FMO UV–Vis

BE εHOMO (eV) εLUMO (eV) εgap (eV) λmax (nm) Evert (eV) Oscillator 
strength f

Excitation transition

Cu(PB1)2  − 112.104  − 7.431  − 2.759 4.672 488 2.536 0.032 H-2 → L (74%)
Zn(PB1)2  − 59.187  − 6.536  − 00.034 7.337 203 6.115 0.523 H-4 → L (12%)
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where Ecomplex, Emetal, and Eligand stand for the energy of 
complex, metal ion, and flavonoid ligand, respectively. As 
shown in Table 3, Cu(PB1)2 complex with the BE value 
of − 112.104 kcal/mol is more stable than Zn(PB1)2 complex 
(BE =  − 59.187 kcal/mol). Almost Cu–O bond lengths are 
shorter than those of Zn–O (Fig. 6). HOMO illustrations 
of two complexes are not different. However, the electrons 
are found to highly concentrate around Cu atom in LUMO 
of Cu(PB1)2 complex, but they completely delocalize in 

(14)BE = −[E
complex

− (E
metal

+ 2E
ligand

)]∕2 two PB1 molecules in LUMO of Zn(PB1)2 complex. Band 
gap energy εgap of Cu(PB1)2 complex is lower than that of 
Zn(PB1)2 complex by 2.665 eV. At the TD-DFT/M062X/6-
31G(d,p)/LANL2DZ theoretical level, the Cu(PB1)2 com-
plex formation has given rise a long-wavelength peak at λmax 
488 nm (vertical transition energy Evert = 2.536 eV, oscillator 
strength f = 0.032, and excitation transition H-2 → L [74%]). 
In contrast, the formation of Zn(PB1)2 complex results in 
a short-wavelength peak at λmax 488 nm (Evert = 6.115 eV, 
f = 0.523, and H-4 → L [12%]).

O

A

O

O

O

Complex I

HOMO LUMOHOMO LUMO

Complex II

H

H

4'''

4'''

3'''

3'''

A = Cu or Zn

Fig. 6  The optimized complex I: Cu(PB1)2 and complex II: Zn(PB1)2 and their FMO in methanol at the theoretical M06-2X/6-31G(d,p)/LAN-
L2DZ level
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Molecular docking studies

Tyrosine enzyme is the rate-limiting enzyme involved in the syn-
thesis of melanin [42]. In the recent years, the tyrosinase inhibi-
tion in melanin synthetic pathway has attracted interests to the 
search for skin-whitening agents. In this scenario, the molecular 
docking simulation was conducted to clarify the antioxidative 
mechanism PB1 against human tyrosinase enzyme (PDB ID: 
5M8M). The co-crystallized ligand, kojic acid (KA), was re-
docked to the binding site of the targeted enzyme to validate 
the accuracy of the docking procedure. Molecular docking is a 
useful tool to quickly find, for each protein interacting with the 
ligand, the optimal value of the score function. The objective 
of any docking calculation is to find the best pose, which corre-
sponds to the lowest energy [43–45]. The docking result is con-
sidered reliable when the RMSD value does not exceed 2.0 Å. 
In this study, the docked pose of KA with the lowest binding 
free energy was compared with its native structure based on its 
RMSD value, which was 0.215 Å (Fig. 7). This result suggests 
that the procedure and the set parameters were reproducible and 
appropriate for further docking simulation.

The inhibitory potential of PB1 against human tyrosinase 
enzyme was then investigated. According to the ranking criteria 
of Autodock4, the more the negative value of the docking scores, 
the higher the binding affinity of the compound towards receptor 
is targeted [46, 47]. The obtained results indicated that reference 
ligand KA docked to human tyrosinase enzyme with a dock score 
of − 10.57 kcal/mol. Thus, PB1 with a dock score of − 12.84 kcal/
mol would be considered as a potential inhibitor. The binding free 
energies, interaction type, and residues participating in interaction 
are tabulated in Table 4. Binding orientation analysis of KA indi-
cated a π-π stacked interaction with His381; meanwhile, His192, 
His377, and Thr391 were the main residues involved in van der 
Waal binding types. The interaction was further stabilized with 

one H bond with Ser394. Regarding compound PB1, an array of 
hydrogen bonds was observed as contributed by Val196, Glu216, 
Tyr362, Arg374, Gly389, and Ser394. It also initiated van der 
Waals and π-π stacked interaction with Thr391 and His381, respec-
tively (Fig. 8). Remarkably, OH groups of two phenyl rings directly 
participated forming hydrogen bonds with the essential residues 
which contributed to the malfunction of the targeted enzyme. 
These results imply that PB1 might effectively inhibit the human 
tyrosinase enzyme.

The attrition rates of therapeutic compounds during clini-
cal development are becoming lesser nowadays (around 8%) 
due to prior attention to ADMET properties [48]. Molecules 
with useful physicochemical properties and a low level of 
toxicity are highly desirable. In this study, Molinspira-
tion and ProTox-II were utilized to evaluate the drug-like 
properties and the acute toxicity of the studied compounds 
(Table 5). A molecule with a higher number of rotatable 
bonds becomes more flexible, and has a good binding 

Fig. 7  Dock pose of studied KA (blue) and native KA (magenta) in the active site of human tyrosinase enzyme (PDB ID: 5M8M)

Table 4  Binding free energy and residues interactions of PB1 and 
KA (kojic acid) against human tyrosinase enzyme

Ligand Binding free 
energy (kcal/
mol)

Binding interaction Residues

PB1  − 12.84 H bond Val196, Glu216, 
Tyr362, Arg374, 
Gly389, Ser394

van der Waals Thr391
Pi interaction His381 (π-π stacked)

KA  − 10.57 H bond Ser394
van der Waals His192, His377, 

Thr391
Pi interaction His381 (π-π stacked)
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affinity with the binding pocket [49]. The obtained data of 
PB1 and KA are in line with this statement, of which PB1 
has three rotatable bonds (NRB), and KA has only one NRB. 
In addition, PB1 was classified in a low-toxic class (class 5), 
as compared to KA (class 3), thereby suggesting its potential 
in the later drug development stages.

Conclusion

For the first time, our current paper applies the DFT calculated 
approach to investigate the antioxidant effect of molecule PB1. 
The antioxidant potential is caused by the actions of OH groups, 
which might be explained by geometrical and electronic analyses. 

Fig. 8  Docking conformation 
of PB1 and KA in the human 
tyrosinase enzyme suggested by 
molecular docking studies

(A) (B)

procyanidin B1

kojic acid

Table 5  Molecular properties of PB1 and KA

TPSA: topological polar surface area; MW: molecular weight; NRB: 
number of rotatable bond
* Toxicity prediction class: 1 → 6 (high toxicity to nontoxic)

Property PB1 KA

TPSA (Å2) 220.76 70.67
MW 578.52 142.11
NRB 3 1
Predicted  LD50 (mg/kg) 2500 550
Predicted toxicity  class* 5 3
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The calculation at the M062X/6-311G(d,p) theoretical level indi-
cated that the HAT route is favorable for this flavonoid in the 
gaseous phase, and the lowest BDE value of 80.9 kcal/mol is 
assigned to 3′-OH. However, in polarity solvents, the SPL-ET 
route is appropriate for this compound, and the lowest PA value 
of 34.8 kcal/mol is of 3‴-OH in methanol. In gas, 3′-OH +  HOO• 
generates the lowest ΔG# value of 11.1 kcal/mol, and the highest 
K value of 6.738 ×  107 L/mol s. Meanwhile, 3′-OH +  HOO• and 
4‴-OH +  HOO• establish the significant ΔG# and K values in 
methanol. Metal chelation is another approach to elucidate the 
antioxidant activity of compound PB1, in which complex forma-
tion of this molecule with  Cu2+ induces the BE value about 2.0 
times lower than that of this molecule with  Zn2+. Molecular dock-
ing simulation further highlighted the antioxidant activity of PB1 
through potential human tyrosinase enzyme inhibitory mechanism 
with the high binding affinity (− 12.84 kcal/mol) and interaction 
with key residues within the active site.
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