
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tbsd20

Journal of Biomolecular Structure and Dynamics

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tbsd20

Oxidative polymerization of hydroxytyrosol
catalyzed by laccase, tyrosinase or horseradish
peroxidase: influencing factors and molecular
simulations

Pujun Xie , Linlin Fan , Lixin Huang & Caihong Zhang

To cite this article: Pujun Xie , Linlin Fan , Lixin Huang & Caihong Zhang (2020): Oxidative
polymerization of hydroxytyrosol catalyzed by laccase, tyrosinase or horseradish peroxidase:
influencing factors and molecular simulations, Journal of Biomolecular Structure and Dynamics,
DOI: 10.1080/07391102.2020.1801512

To link to this article:  https://doi.org/10.1080/07391102.2020.1801512

Published online: 11 Aug 2020.

Submit your article to this journal 

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tbsd20
https://www.tandfonline.com/loi/tbsd20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/07391102.2020.1801512
https://doi.org/10.1080/07391102.2020.1801512
https://www.tandfonline.com/action/authorSubmission?journalCode=tbsd20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tbsd20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/07391102.2020.1801512
https://www.tandfonline.com/doi/mlt/10.1080/07391102.2020.1801512
http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2020.1801512&domain=pdf&date_stamp=2020-08-11
http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2020.1801512&domain=pdf&date_stamp=2020-08-11


Oxidative polymerization of hydroxytyrosol catalyzed by laccase, tyrosinase
or horseradish peroxidase: influencing factors and molecular simulations

Pujun Xiea,b, Linlin Fanc, Lixin Huangb and Caihong Zhangb

aInstitute of New Technology of Forestry, Chinese Academy of Forestry, Beijing, China; bInstitute of Chemical Industry of Forest Products,
Chinese Academy of Forestry; National Engineering Laboratory for Biomass Chemical Utilization; Key and Open Laboratory on Forest
Chemical Engineering, National Forestry and Grassland Administration, Key Laboratory of Biomass Energy and Material, Nanjing, China;
cInstitute of Agro-product Processing, JAAS, Nanjing, China
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ABSTRACT
Hydroxytyrosol oligomer from bioenzymatic catalysis indicates a pleiotropic wellness improving (e.g.
antioxidation, anti-inflammatory and anti-carcinogenesis) than its monomer. However, the processing
parameters and the insightful mechanism of hydroxytyrosol polymerization are still lacking. To explore
in detail the process of hydroxytyrosol polymerization, the effects of different reaction factors (solvent
type, pH value of reaction solution, reaction temperature and time) on the polymerization yield were
investigated, and molecular docking was executed to reveal the relevant structural variations of these
enzymes. The results showed hydroxytyrosol polymerization implemented by laccase performed the
best at 50 �C for 20min in the aqueous buffer solution of pH 5.0. The docking results demonstrated
PRO4, TYR7, ASP8, PRO12, LEU121 and VAL14 in site 9 of laccase interacted with hydroxytyrosol in
hydrogen bonding, pi-sigma, pi-alkyl and van der Waals’ force. Moreover, the molecular dynamic
results implied their interaction-energy variation reaching balance within 175 ps, which confirmed the
enzymes’ structural changes. Meanwhile, structural analysis in torsion and bond lengths showed that
the C–O of phenolic bonds from hydroxytyrosol evidently rotated and its length of the relevant O–H
became longer when binding to laccase compared with free hydroxytyrosol. All the findings are help-
ful to strengthen the understanding for the enzymatic polymerization of catechol-based structures and
the resulting o-dihydroxy-grafting oligomers could be potentially used in the field of functional foods,
cosmetics and pharmaceuticals, even or an innovative bioenzyme design such as biosensor for meas-
uring phenols in industrial effluent or preparing the singular oligomer oriented is worth being
explored in future.
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1. Introduction

Both laccase and tyrosinase related to Cu-based enzyme
active region, and horseradish peroxidase related to Fe-based
enzyme active region, are widely distributed in plants and
fungi and exploited in numerous studies owing to their high
efficiency and accessible obtaining for treating phenolic com-
pounds into polymerization (Awasthi et al., 2015; Bilal et al.,
2019; Dec & Bollag, 1990; Dur�an & Esposito, 2000; Litescu
et al., 2010; Roberts et al., 2016; Soln�a & Skl�adal, 2005;
Stadlmair et al., 2018). Their enzyme-catalytic mechanisms
are involved in turning two molecules of oxygen into water
in the wake of a four-electron reduction that a radical spe-
cies is produced by the oxidized substrate with one electron,
and then generates a polymer by a chain reaction among
radicals (Shleev et al., 2006; Shoda et al., 2016). Among
them, fungal laccases such as Coriolus versicolor commonly
show a higher reactive property than plant laccases although
they have a similar structure, reckless of their originals
(Pinheiro et al., 2020; Solomon et al., 2008). Tyrosinases are
easily prepared from mushroom and are capable of making

monophenols o-hydroxylated and o-diphenols become o-qui-
nones subsequently (Liu et al., 2020). Horseradish peroxidase
containing protoheme group, generates the polymerization
for abundant phenolics in favor of hydrogen peroxide (Shalit
et al., 2019).

One of the most challenging tasks in the field of olive
industry around the world comes from how to make effect-
ive treatments of olive mill wastewater and olive pomace in
addition to extracting olive oil. Environment polluting (e.g.
soil damage) and resource wasting were produced if the
olive byproducts were discarded directly. Actually, olive mill
wastewater and olive pomace consist of abundant phenolic
compounds (secoiridoids such as hydroxytyrosol, oleuropein,
dimethyl-oleuropein, verbascoside and comselogoside; flavo-
noids such as apigenin, cyanidin flavone, anthocyanin and
quercetin; phenolic acids such as caffeic, ferulic, gallic,
chlorogenic and protocatechuic acid) with o-dihydroxyl phe-
nolics-based in an overwhelming majority (Ara�ujo et al.,
2015; Paulo & Santos, 2020). However, hydroxytyrosol, domi-
nates the olive mill wastewater and olive pomace treatment
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among phenolic compounds reaching an approximate 70%
(Duran & Esposito, 2000). Using bioenzymes such as laccase,
tyrosinase and horseradish peroxidase enable to not only
highly improve the (bio)chemical-oxygen-demand level of
the olive mill wastewater but also enrich phenolic oligomers
as invaluable fine chemicals for industrial applications (Sarkar
et al., 2020; Torres et al., 2003; Wang et al., 2020). For
instance, laccase enables to make a self-polymerization of
hydroxytyrosol produce its dimer, trimer, tetramer, etc.
(Zwane et al., 2012), and these hydroxytyrosol oligomers
have a better anti-oxidation and stronger protection against
UVA radiation action than hydroxytyrosol (Cardinali et al.,
2010; S�anchez-Ferrer et al., 1995). The oligomers (degree of
polymerization less than 10) have much more superior func-
tions including antioxidation, anti-diabetes, anti-inflamma-
tory, anti-microbials, anti-carcinogens and neuroprotection
than the monomer (hydroxytyrosol) itself (Oliver et al., 2016).
A preliminary enzyme selection has been examined to allow
for employing molecular oxygen in the oxidative polymeriza-
tion, with a high conversion intensity as well (Ikehata &
Nicell, 2000). As above mentioned, these enzymatic-catalysis
processes could be described as a scheme in Figure S1. In
fact, the polymerized products were also potently dependent
on the reaction parameters such as pH value, the reaction
temperature and time in the reaction system (Edwards et al.,
1999). Previous reports indicated that polyphenols like
kaempferol and quercetin can be polymerized by laccase
and tyrosinase producing the oligomers with a bigger size
and stronger scavenging radicals efficacy on reactive oxygen
species and inhibition of lipoperoxidation (Desentis-Mendoza
et al., 2006); catechin dimers were yielded by horseradish
peroxidase and laccase with 2� 8-fold greater than a-toc-
opherol and catechin in anti-lipid peroxidation (Hosny &
Rosazza, 2002). Free radical induced polymerization of caffeic
acid with a trimmer-dominating catalyzed by horseradish
peroxidase were achieved (Xu et al., 2005). Thereby, phenolic
compounds containing o-dihydroxyl can be catalyzed by lac-
case, tyrosinase and horseradish peroxidase as preliminary
resulting products of dimer or trimmer. Additionally, the
enzyme-based synthesis indicates some merits: (1) high ener-
getic efficiency in mild reaction conditions (temperature,
pressure and pH); (2) superior enantio-, regio- and chemose-
lectivities for fine chemical applications; (3) natural catalyst
with biosafety and ‘green’ attributes for ecological demand
(Kobayashi et al., 2001). Recently, with the rapid advance-
ment of quantum chemistry, theoretical investigations with
computing chemistry application in enzyme catalysis is
greatly prevalent. Taking into account that quantum chemis-
try and molecular mechanics for revealing the mechanism of
enzymatic catalysis is favorable to acquire the deep observa-
tions in the reaction process and a relevantly reasonable
explanation. Because the substantial studies on the metal ion
(Cu or Fe) in the reaction process of polyphenol oxidases
and peroxidase (Marszałek et al., 2017; Zhu et al., 2020) have
been carried out, the findings from the other enzymatic
structural variations as well as the binding position acting as
a catalyzing center during the catalysis are of great import-
ance and also still lacking in the present. Beyond that, to the

best of our knowledge, few studies concerning a comprehen-
sive study regarding the reaction process of hydroxytyrosol
catalyzed by laccase, tyrosinase or horseradish peroxidase
have been found so far. Moreover, the reaction mechanism
between hydroxytyrosol and the three enzymes
was explored.

Taken together, in combination to our preliminary results
that indicated hydroxytyrosol polymerization can occur with
the aid of laccase, tyrosinase or horseradish peroxidase, the
polymerized products were mostly concentrated in the dimer
and trimer of hydroxytyrosol under a weak-acidity aqueous
solution system (pH 5.0). Also, the identified polymers pre-
sented a C–C bond and a degree of polymerization less than
six by FT-IR and 1H-, 13CNMR and HPLC-QTOF-MS (data not
shown). However, in view of the environment protection and
cyclable economic importance of the enzymatic polymeriza-
tion of hydroxytyrosol for olive by-products, the processing
parameters and the insightful mechanism of hydroxytyrosol
polymerization are worthy of being explored. To further
reveal the different catalyzation processes of hydroxytyrosol
implemented by laccase, tyrosinase or horseradish peroxid-
ase, the effects of different reacting factors such as solvent
types (methanol, acetone, water and ethyl acetate) reaction
times, reaction temperatures and pH values of the solution
were studied in this scenario. Docking and dynamic simula-
tions in silico were used to reveal the molecular structure
changes of the enzyme in the oxidative polymeriza-
tion processes.

2. Materials and methods

2.1. Enzymes and chemicals

Hydroxytyrosol, 2, 20-azino-bis (3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS), L-tyrosine, pyrogallol and laccase (EC num-
ber: 1.10.3.2) produced by Coriolus versicolor, tyrosinase (EC
number: 1.14.18.1) and horseradish peroxidase (EC number:
1.11.1.7) were purchased from Sigma-Aldrich Inc. (St. Louis,
MO, USA). Other agents in this study were purchased from
Nanjing Chemical Reagents Inc. (China). Different pH buffers
such as pH 4.0 (0.05M C8H5KO4-NaOH), pH 5.0 (0.1M HAC-
NaAC), pH 5.8 (0.05M KH2PO4-K2HPO4) and pH 6.8 (0.025M
Phosphate Buffer Solution, PBS) are prepared accordingly.
Besides, the data including molecular weight and enzyme
activity of laccase (60 kD, 121.5 U/mL), tyrosinase (126.5 kD,
28.75 U/mL) and horseradish peroxidase (35 kD, 25.1 U/mL)
were obtained (Table S1), calibrated at 25 �C by the sub-
strates of ABTS, L-dopa and pyrogallic acid at the conditions
of pH 5.0, 5.8 and 5.0, measurement wavelengths of 420, 475
and 420 nm, respectively.

2.2. Enzymatic oxidative-polymerization of
hydroxytyrosol with laccase, tyrosinase or
horseradish peroxidase

The oxidative polymerization of hydroxytyrosol assay mixture
contains 1.0mL of 5.0mM hydroxytyrosol solution, 1.0mL of
8.0 lM solutions for each enzyme (laccase, tyrosinase or
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horseradish peroxidase) dissolved by a pH-buffered solution,
10mL of different pH-buffered solutions and 10mL of dis-
tilled water. About 0.5mL of H2O2 (30%, v/v) was added into
this reaction system when horseradish peroxidase was
applied. Moreover, specific operating conditions for laccase,
tyrosinase or horseradish peroxidase were investigated on
different solvent systems (methanol, acetone, ethyl acetate
and aqueous buffer solution), reaction temperatures (30, 40,
50 and 60 �C) and time (10, 20, 40 and 60min) and pH values
(4.0, 5.0, 5.8 and 6.8). The experiments were magnetically
stirred at 180 rpm in an opening Erlenmeyer flask. The result-
ing samples were taken periodically and analyzed by UV/Vis
spectrum (T6, Beijing, China) at a full scanning. Also, the dis-
solved oxygen content in the pH-buffered water plus open-
ing equipment was sufficient to treat hydroxytyrosol.

2.3. Molecular docking study

The program Accelrys Discovery Studio v4.0 (Biovia, San
Diego, USA) was harnessed to the molecular docking
between laccase, tyrosinase or horseradish peroxidase and
hydroxytyrosol. The structure optimization of hydroxytyrosol
for searching one minimizing energy was achieved by MMFF
forcefield. Two settings containing 5000 of maximal paces
and 0.1 RMS gradients with an algorithm of smart minimizer
were implemented. The 3D structures of laccase (PDB ID:
2HZH), mushroom tyrosinase (PDB ID: 2Y9X) and horseradish
peroxidase (PDB ID: 2YlJ) retrieved from a protein databank
(PDB; www.rcsb.org). After completing these fundamental
preparations, the docking technique was implemented by
the Libdock module in the program. The explicit steps were
described as the five facets: (i) defining laccase, tyrosinase or
horseradish peroxidase molecules as a receptor, (ii) identify-
ing the sites (hotspot) from the receptor cavities (searched
for 24 sites, 32 sites and 9 sites in all, respectively), (iii) defin-
ing spherical radiuses ranging from 3 to14 Å in the selected
site dependent upon the cavity size, (iv) beginning to con-
duct it to discover the greatest pose according to the high-
est LibDock score among the sites produced automatically
and (v) hunting for the receptor–ligand interaction, for
example, hydrogen bonds. What is more, all the sizes of the
active site in these enzymes were defined as 2.5 Å with the
spacing valued at 0.5 Å. Docking results were ascribed to the
different scoring functions. The best scoring indicated the
most suitable ligand (hydroxytyrosol) conformation for well-
matching with the spots district (internal cavity of the rele-
vant enzyme) between them based on the most suitable
spatial-geometric matching and the lowest interactive total
energy, and that was considered to be the most reasonable
binding behavior between hydroxytyrosol and the enzyme.

2.4. Molecular dynamic simulations

One ligand from hydroxytyrosol with the best docking score
when docked with laccase, tyrosinase or horseradish peroxid-
ase was chosen for molecular dynamic (MD) simulation
investigations. The selected ligand-protein complexes were
implemented by MD simulation run for 224 ps via the

‘Standard Dynamics Cascade’ procedure of Discover Studio
v.4.0 which incorporated two steps of minimization followed
by heating, equilibrium and production run. CHARMm force-
field was largely employed in a complex of protein–ligand
and subsequently permeated in water to simulate an aque-
ous surrounding. Both the models containing water and
spherical boundary solvation with symphonic limitations
were greatly unambiguous to practice for this reason. The
solvation-sphere radius is fixed at 20 Å. Ahead of MD simula-
tion, energy minimization dealing with the solvated complex
through the steepest descent, and an ensuing 5000-step gra-
dient algorithm were executed, with other settings in default.
Next, an MD simulation of 224 ps was run for the treated
ligand–protein complex by NPT. Leapfrog verlet algorithm
used as a dynamic integrator was carried out when under-
going SHAKE constraints for the simulation. Target tempera-
ture at 323 K and reference pressure at 1.0 bar was sustained
during the course of the simulation. The trajectory of each
ligand–protein complex was recorded every 2.24 ps for ana-
lysis of RMSD and RMSF by the module ‘Analyze Trajectory’
in DS.

2.5. Torsion analysis

Based on the best docking site and molecular dynamics
results, torsion analyses concerning free hydroxytyrosol and
hydroxytyrosol binding with bioenzymes (laccase, tyrosinase
and horseradish peroxidase) were implemented. Meanwhile,
their bond lengths between the free status and the binding
with the bioenzymes of hydroxytyrosol were compared for
structural analysis as well.

2.6. Statistics

All the experiments were carried out in triplicate and the
data in this text were expressed as means values ± standard
deviation, which were calculated by Excel 2016.

3. Results and discussion

3.1. Process optimization in the enzymatic
polymerization of hydroxytyrosol

3.1.1. Selection of solvent type
Figure 1(a–c) showed that the UV-Vis absorbance increases
under 400 nm were found by using pH 5.0 aqueous buffer
solution involving the reactions with laccase, tyrosinase or
horseradish peroxidase. Hydroxytyrosol showed one peak at
280 nm due to the p–p� transitions of the aromatic fragment.
In this case of poly(hydroxytyrosol), an extra broader peak
was seen at 400 nm which may be attributed to conjugation
in the polymer. Intuitively, the resultant solution produced a
huge difference from colorless to reddish-brown implying
that a successful enzymatic oxidative polymerization was
yielded. Because the dissolving hydroxytyrosol in aqueous
solution presents colorless at the beginning even when
mixed with laccase, tyrosinase or horseradish peroxidase.
Also, the products of poly(hydroxytyrosol) presenting
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reddish-brown are reasonable due to a concentrated p–p
structure and benzoquinones intermediate formation in the
process of enzymatic polymerization. Nonetheless, those
using methanol, acetone and ethyl acetate as a dissolving
solvent were completely unchanged whatever of UV-Visible
absorbance or the solution color. Similar findings could be
observed by the preliminary work that the enzymatic oxida-
tive polymerization of rutin performed the best in water

(reaching 29-fold higher production), compared with aceto-
nitrile, dimethylformamide, methanol, ethanol, acetone and
tetrahydrofurane (Anthoni et al., 2008). Differences in the
hydrophobicity and dielectric constant of the medium led to
variations in the free energies of substrate–enzyme and sub-
strate–solvent binding and hence, the enzyme’s ability to
make use of the free energy of binding to form the sub-
strate-active site complex might be diminished (Rueda et al.,

Figure 1. The effects of different solvents (e.g. aqueous buffer solution at pH 5.0 ‹, ethyl acetate ›, acetone fi and methanol fl) on the polymer products for
1.0 h by laccase (a), tyrosinase (b) or horseradish peroxidase (c) were investigated. Hydroxytyrosol � was used as a reference compared with the polymer in the
UV-Vis scanning test. The other operation conditions were fixed as the following: reaction temperature 30 �C, hydroxytyrosol solution 5.0mM and enzyme concen-
trations 8.0 lmol/L.
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2016). These implied that hydration of the enzyme was
essential for activity. The presence of water in an organic-
based biocatalytic system is now accepted as a prerequisite
for enzyme activity since hydration facilitates the conform-
ational flexibility necessary for catalysis by the protein
(Hanoian et al., 2015). In organic solvent, the activity of oxi-
doreductases was reduced due to their denaturation in such
environment (Rodakiewicz-Nowak, 2000). For that, the use of
aqueous solvents was more suitable than organic one which
affected drastically the yield, the solubility and the average
molecular weight of obtained polymers, because of decreas-
ing the enzyme affinity to the substrate in the hydrophobic
solvent (Ikeda et al., 1998).

3.1.2. Selection of pH
Figure 2 indicated that laccase performed the best at pH 5.0
in the oxidative polymerization of hydroxytyrosol, and the
suitable pH values in tyrosinase and horseradish peroxidase
catalysis were showed at pH 5.8 and 5.0, respectively. These
results were well matched with the previous findings that
laccases’ catalyzing function was stable pH ranging from 3.0
to 9.0 (Robles et al., 2000). Also, it was hardly affected the
enzymatic polymerization at pH 8.0 and pH 9.0 for laccase,
tyrosinase or horseradish peroxidase (data not shown). This
agreed with the optimal conditions at pH 6.0 and 30 �C
determined by the enzymes in mature coffee beans
(Mazzafera & Robinson, 2000). Fungal laccases typically
exhibit the optimal pH ranging from 3.5 to 5.0 when the
substrates are hydrogen atom donor compound, and the
pH-dependence curve is bell-shaped (Kurniawati & Nicell,
2008). Those pH ranges do not correspond to the optimal
conversion microenvironment during the enzymatic polymer-
ization. Indeed, it was reported that in the presence of lac-
case from Trametes versicolor, the best conversion yield
(60%) was obtained at pH 5, while the optimal pH of this
enzyme is from 6 to 8 (Kim & Nicell, 2006). Nevertheless, this

influence was variable according to the used reactional
media, showing that pH affected the type of linkage
between monomeric units. An acid pH promoted the C–C
linkage while C–O linkage was abundant at basic pH
(Kobayashi et al., 1996). The effects of pH level ranging from
3 to 12 on polymerization of phenol by horseradish peroxid-
ase or laccase indicating the yield and molecular weight
almost presented a similar trend (Ikeda et al., 1998).

3.1.3. Selection of reaction temperature
Figure 3 indicated that the absorbance of hydroxytyrosol
polymer at 400 nm gradually increased ranging from 30 to
50 �C by these enzymes. However, the continuing increase of
hydroxytyrosol polymer content did not happen after 50 �C.
The highest conversion yield resulted from laccase catalysis
for the greatest decrease of hydroxytyrosol. Previous litera-
ture showed the optimized temperature for laccase-catalyzed
polymerization typically ranged from 50 to 70 �C (Baldrian,
2004). There were few fungal laccases with an optimal oxida-
tive profile below 35 �C (Koroleva et al., 2001). Reaction tem-
perature can affect laccases activity, conversion rate, stability
and solubility of phenols (G€ureşir et al., 2005). This effect
level was dependent on substrate and enzyme such as
horseradish peroxidase when the enzymatic polymerization
was executed ranging from 10 to 60 �C (Gonz�alez-S�anchez
et al., 2011). High yields of polymerization (80%) were
obtained as the temperature was inferior to 40 �C whereas
the yield decreased by 31% at 60 �C owing to the thermal
deactivation of the apo-protein. This will produce a lower
concentration of radical species, indicating that reaction tem-
perature was independent of the origin of these enzymes.
Additionally, an increased temperature was helpful for the
synthesis of polymers before deactivation. A similar observa-
tion was found that the highest production of polymers was
reached at 50 �C, when the solubility of rutin and the laccase
activity was desired (Kurisawa et al., 2003). Therefore, 50�C of

Figure 2. The effects of different pH values (4.0, 5.0, 5.8 and 6.8) on the poly-
mer products for 1.0 h by laccase, tyrosinase or horseradish peroxidase were
investigated. The other operation conditions were fixed as the following: reac-
tion temperature 30 �C, hydroxytyrosol solution 5.0mM and enzyme concentra-
tions 8.0lmol/L.

Figure 3. The effects of different reaction temperatures ranging from 30 to
60 �C on the polymer products by laccase, tyrosinase or horseradish peroxidase.
The other operation conditions such as 30min of reaction time, aqueous buffer
solution (pH 5.0) and the ratio between these enzymes (8lM) and hydroxytyro-
sol (5mM) in molar were fixed.
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the reaction temperature was the best choice as hydroxytyr-
osol oxidative polymerization for the three enzymes.

3.1.4 Selection of reaction time
Figure 4 indicated that the absorbance at 400 nm derived
from hydroxytyrosol polymer and the polymer amounts sig-
nificantly increased over time for the three enzymes, how-
ever, it only cost 20min by laccase to achieve the maximal
level, similar observations were found by tyrosinase and
horseradish peroxidase but cost 40min for a longer time.
Besides, the absorbance of the resulting hydroxytyrosol poly-
mer by laccase was 2.3-fold than that by horseradish perox-
idase. Compared with tyrosinase, it cost less than 2-fold time
by laccase to reach the same level of the hydroxytyrosol
polymer. In monitoring the phenol conversion over time, it
was apparent that the laccase had the highest rate of con-
version (seen in Figure 4). Laccase was more efficient in oxi-
dizing substrates with the predetermined enzyme
concentrations. Horseradish peroxidases were quickly inacti-
vated by the suicide mechanisms (resulting from phenoxy
radicals) and/or by other inactivating mechanisms that may
apply to the enzyme. Firstly, the highly reactive phenoxy rad-
icals produced may react with the active site due to proxim-
ity, and alter its reactivity irreversibly. Secondly, the coupled
products may adsorb the enzyme and coprecipitate it (Wu
et al., 1998). Therefore, the suitable time for hydroxytyrosol
oxidative polymerization catalyzed by laccase, tyrosinase or
horseradish peroxidase were 20, 40 and 40min in this study,
respectively.

3.2. Docking and interaction between hydroxytyrosol
and enzyme

As Figures 5(a) and S3 presented, laccase was checked by DS
v4.0 and observed to have 24 cavities (sites) to be docked.
Only six sites (site no. 3, 6, 9, 12, 14 and 19) were observed

to have poses docked successfully. From Table S2, we found
that hydroxytyrosol docking with site 9 was the best

Figure 4. The effects of different times ranging from 10 to 60min on the poly-
mer products by laccase, tyrosinase or horseradish peroxidase. The other oper-
ation conditions such as 50 �C of reaction temperature, aqueous buffer solution
(pH 5.0) and the ratio between these enzymes (8lM) and hydroxytyrosol
(5mM) in molar were fixed.

Figure 5. Docking results between HT and laccase in site 9 (a), tyrosinase in
site 27 (b) and horseradish peroxidase in site 1 (c). The decoration of residues
was expressed as blue background, hydrogen bond donor; red background,
hydrogen bond acceptor; purple background, both hydrogen bond donor and
acceptor; gray background, any other contact at all; and green background,
nonpolar contact.
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performance on the LibDockScore 75.91. To elucidate the
interaction between hydroxytyrosol and laccase, tyrosinase
or horseradish peroxidase, the docking simulation was car-
ried out by MMFF forcefield and Libdock. Some parameters,
such as conformation number, molecular number, pose num-
ber, absolute energy and relative energy were showed in
Table S2 and Figure 5(a). The numbers of conformation,
molecular, pose, absolute energy and relative energy in
hydroxytyrosol were 1, 1, 1, 13.161 and 5.217e�15, respect-
ively. Laccase providing the three donor atoms HG, H1 and
H2 showed a strong interaction with the acceptor oxygen
atom of hydroxytyrosol. Some details in different successful
docking sites were further summarized in Table S2 and
Figure S2(a). The major interactions between hydroxytyrosol
and tyrosinase were driven by hydrogen bonding, Pi-Sigma,
Pi-Alkyl and van der Waals’ force. Taking site 9, for example
(showed in Figures 5(a) and S3), three active interaction resi-
due sites of laccase with hydroxytyrosol were PRO86, LEU487
and VAL490. Among them, PRO86 and LEU487 in laccase
were hydrogen bond sites. The electron-donating group
(peptide bond) from LEU487 bonded with an aromatic ring
from hydroxytyrosol as a Pi-Sigma interacting played a key
role in the oxidative polymerization process. The similar
interaction between methyl from VAL490 and aromatic ring
from hydroxytyrosol as Pi-Alkyl was found as well. The other
residues contributing to hydrophobic interaction were given
between ligands and receptors. van der Waals forces were
found between carbon atom in ILE87, ALA88, SER91, SER92,
PHE93, ALA483, ASP486, CYS488, TYR491 and H atom of
hydroxyl in hydroxytyrosol ligand. This force offered strong
energy to impact the spatial conformation of laccase. Since
hydroxytyrosol could act on the residues of laccase, laccase
activity was thus interfered or activated due to its change of
structural conformation in the catalytic area (Mehra et al.,
2018). Compared with the previous literatures, the interact-
ing action types of our study were very similar including van
der Waals, carbon hydrogen bond, Pi–Sigma and Pi–Alkyl.
However, Pi–Pi T-shape and hydrogen bond are not included
in our study on hydroxytyrosol docking with laccase, which
could be possibly due to the different substrates (hydroxytyr-
osol and coumarins) and binding sites of the docking amino
acids. The conformation of the active site was the key factor
for laccase activity. A proper binding affinity for substra-
te–enzyme complex, and additional features in regard to the
electron transfer was the best performance on enzymatic-cat-
alyzing efficacy (Mehra et al., 2018). For instance, the suitable
interaction between binding site of the laccase and hydroxy-
tyrosol was better behavior than the substance with a strong
hydrogen-binding. Moreover, the interactions between
methyl caffeate and laccase consist of the hydrogen bonds
(Gln237, Gln242, ILE236 and Val426 binding with carbonyl
group, and Glu302, Ala410 binding with phenolic-hydroxyl
groups) and van der Waals, etc. were obviously found
(Conceiç~ao et al., 2020). Overall, these interactions contrib-
uted to the lowest (better) interaction energy in the case of
this complex (Hongyan et al., 2019; Mo et al., 2018), were
more superior enzyme-catalyzing efficacy than their highest

(worse) interaction energy such as the laccase–methyl p-cou-
marate complex.

As observed in Figures 5(b), S2(b) and S4 showed that
tyrosinase had 32 sites (cavity), but only successful docking
site (1, 2, 5, 8, 11, 14, 15, 17, 22, 27 and 29) poses were pro-
duced. One of the best docking at site 27 indicated the high-
est scores 77.63 (seen in Table S3). Conventional hydrogen
bond, pi–donor hydrogen bond, pi–pi T-shape, carbon–hy-
drogen bond and pi–alkyl were indicated as well. SER77,
GLY78, CYS80, HIS82, ALA270 and GLU307 in tyrosinase were
found to interact with hydroxytyrosol. The nitrogen atom in
GLU307 with H atom of alcoholic hydroxyl in hydroxytyrosol
produced a conventional hydrogen bond. Nevertheless,
Carbon in CYS80 interacting with two H atoms of methylene
in hydroxytyrosol formed a carbon-hydrogen bond. SER77,
GLY78, CYS80 and HIS82 interacting with an aromatic ring in
hydroxytyrosol were involved in a pi–donor hydrogen bond.
Pi–pi T-shape interaction was formed by Pi from the double
bond in ALA270 and pi from benzene ring in hydroxytyrosol,
while pi–alkyl interaction was coming from Pi bond of the
benzene ring in hydroxytyrosol and methyl in ALA270.
Meanwhile, the different bonding distances were exhibited
in Figure 5(b). To some extent, the distance implied a strong
or weak interaction. In this case, the conventional hydrogen
bond with the shortest distance of 1.84 Å was the strongest
of all the interaction types. Tyrosinase so-called ‘suicide
enzyme’ would be inactivated owing to the inside histidine
destruction attacked by hydroxyl radicals, giving the perox-
ide-bridged enzyme intermediate by the incomplete reduc-
tion (Khan & Ali, 1986). Hence, irreversible inactivation of
tyrosinase was attributed to the partial denaturation result-
ing from the disruption of intramolecular interactions by free
radicals (Yang et al., 2015). Compared with previous literature
concerning ferulic acid, cinnamic acid and quercetin docking
with tyrosine, hydrogen bonds were produced by the differ-
ent enzyme residues (Yu et al., 2019). Among them, one
hydrogen-bond between the cinnamic acid and the residue
Asn-22 (bond length: 2.3 Å), two hydrogen-bond interactions
between the quercetin and the residues Asn-260 (bond
length: 2.4 Å) and Met-280 (bond length: 1.8 Å) were
observed. Also, two hydrogen-bond interactions between the
ferulic acid and the residues Gln-307 (bond length: 2.1 Å)
and Thr-308 (bond length: 1.9 Å) were yielded. As for the
hydrophobic area, Pi-cation/anion interaction between them
(ferulic acid: cation-Pi Lys-376 and anion–p interactions with
the residues Asp-312 and Glu-356; quercetin: CH–p inter-
action with the residue Phe-264). However, our result was
related to producing one hydrogen-bond from the inter-
action between HT(H) and GLU307. The hydrophobic interac-
tions such as pi–pi T-shape, carbon–hydrogen bond and
pi–alkyl were found as well in our study. Overall, all these
interactions helped these phenolic compounds containing o-
dihydroxyl group to anchor in the binding site of tyrosinase.

Figure 5(c) illustrated a successful docking with a Libdock
technique between hydroxytyrosol and horseradish peroxid-
ase. Nine sites could be successfully observed from horserad-
ish peroxidase. Among others, only sites 1, 3, 6 and 7 were
successfully generated, as shown in Figures S2(c) and S5. The
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best docking site in horseradish peroxidase for hydroxytyro-
sol showed site 1 acquiring the highest docking scores 86.09
(seen in Table S4). Conventional hydrogen bond, carbon–hy-
drogen bond and pi–alkyl interactions were found and the
specific amino acids were involved in PRO4, TYR7, ASP8,
PRO12, LEU121 and VAL14. Furthermore, conventional hydro-
gen bonds (green color) resulted from H atom in hydroxytyr-
osol and N atom in PRO4 and ASP8, and O atom in
hydroxytyrosol and H atom in TYR7. Hydrogen bond (light
green color) was produced from O atom in hydroxytyrosol
and H atom in PRO12. Pi–alkyl interaction was produced
from an aromatic ring and methyl group in LEU121 and
VAL14. From the bond length, conventional hydrogen bond
with the shortest distance 1.73 Å played the key role in
impacting the spatial structure of horseradish peroxidase
which thus possibly resulted in a different catalyzing process.
This was in good agreement with the behavior referred as
the suicide inactivation of horseradish peroxidase by H2O2

(Garcia-Molina et al., 2005). As previous literatures indicated,
hydrogen bonds are found between two phenolic H atoms
of coumarins and N atom of catalytic residue HIS42, and O
atom of H2O; between one phenolic O atom of coumarins
and H atom of the residue ARG38. The hydrogen bonding
network with HIS42, ARG38 and the distal water molecule
makes the extended interaction between coumarin and
horseradish peroxidase. For coumarins containing dihydrox-
yls, both hydroxyl groups could form hydrogen bonds with
HIS42 in the horseradish peroxidase (Gao et al., 2016). Amino
acid residues of the horseradish peroxidase with apigenin
also produced hydrogen bonding, including ARG31, ALA34,
SER35, ARG38, PRO141, LYS174 and PHE221 with their rele-
vant hydroxyl groups of apigenin (Mahfoudi et al., 2017). The
phenolic substrate was much closer to the binding area of
horseradish peroxidase suggesting an easier to produce
strong hydrogen bond, which was not beneficial to improve
the enzyme-catalyzing efficacy (Yan et al., 2019), as our find-
ings indicated.

3.3. MD simulations

MD simulations were used to verify the complexes formed
by HT and laccase in site 9, HT and tyrosinase in site 27 and
HT and horseradish peroxidase in site 1, as indicated in
Figures S3–S5. The 224 ps MD simulations initialized from
the laccase-hydroxytyrosol, tyrosinase-hydroxytyrosol and
horseradish-peroxidase-hydroxytyrosol complexes from dock-
ing and their structures were studied. The time evolutions of
RMSD of hydroxytyrosol were shown in Figure 6. The RMSD
against simulation time was helpful to estimate the equilibra-
tion procedure in the simulation trajectory and the structural
stability when these enzymes were bond with a ligand of
hydroxytyrosol (Awasthi et al., 2015). The simulated results
from Figure 6(a–c) indicated that the laccase-hydroxytyrosol
complex in 152 ps, tyrosinase-hydroxytyrosol complex in 175
ps and horseradish-peroxidase-hydroxytyrosol complex in
150 ps achieved equilibrium. Therefore, 100 structure models
from the last 49 ps were chosen. The achieved level of the
equilibrium represented by the RMSD for the laccase-

hydroxytyrosol, tyrosinase-hydroxytyrosol and horseradish-
peroxidase-hydroxytyrosol were 1.50, 1.31 and 1.10, accord-
ingly. The reduction of RMSD in the complex comparable to
the stability of the enzyme was elevated upon the different
bindings of hydroxytyrosol. Because the complex size was
the key factor, the more compact of the HT-enzyme complex
resulted from a synergic conformation change intimately
accessibility with hydroxytyrosol. Likewise, the RMSF for the
laccase-hydroxytyrosol, tyrosinase-hydroxytyrosol and horse-
radish-peroxidase-hydroxytyrosol varied significantly. The
increased level of the complex size indicated the more flex-
ible. In this scenario, laccase-hydroxytyrosol complex per-
formed the best, followed by horseradish-peroxidase-
hydroxytyrosol and tyrosinase-hydroxytyrosol, as observed in
Figure 6. The average solvent accessible surface area to lac-
case-hydroxytyrosol, tyrosinase-hydroxytyrosol and horserad-
ish-peroxidase-hydroxytyrosol were getting bigger and
bigger by order. It further confirmed that these enzymes had
conformational changes at given regions to facilitate the
interaction with hydroxytyrosol, and thoroughly flexible MD
simulation was indispensable to inspect ligand binding to
protein over semi-flexible molecular docking. Because of the
evidenced hydroxylation activity of enzyme toward its nat-
ural substrate in combination with the consistent proposed
novel reaction mechanism, another complexion was put on
the function of polyphenol oxidases (Molitor et al., 2016).
From Figures 6(a) and S6(a), the time in maintaining equilib-
rium between 120 and 175 ps of simulation were perceived.
All the further analysis during this equilibrium elucidated
that the docked enzymatic protein had achieved
compactness.

Interactive energy changes of molecular dynamics
between hydroxytyrosol and laccase, tyrosinase or horserad-
ish peroxidase, were seen in Table S4. For the laccase–hy-
droxytyrosol complex, the initial potential energy (kcal/mol)
was decreased from 2.09� 107 to 1.19� 105 during 152 ps.
Kinetic energy (kcal/mol) increasing from 22485 to 23306
and van der Waals energy (kcal/mol) from 1020 increasing to
4434 was achieved when the temperature reached 300.4 K.
In this period, electrostatic energy had almost no change. To
sum up, the total energy (kcal/mol) was decreased from
�9.70� 104 to �9.87� 104. Likewise, from Figures 6(b) and
S6(b), the initial potential energy (kcal/mol) of the tyrosinase-
hydroxytyrosol complex was decreased from 2.70� 106 to
�93,411 during 15 ps. Kinetic energy (kcal/mol) decreasing
from 11,240 to 11,203 (almost no change), van der Waals
energy (kcal/mol) increasing from �7312 to �5894.838 were
achieved when the temperature was heated to 299.4 K. In
this period, electrostatic energy changed from �52,799.12 to
�72,515.2. In this manner, the total energy (kcal/mol) was
decreased from �4.59� 104 to �4.96� 104 from Figures 6(c)
and S6(c), the initial potential energy (kcal/mol) of the horse-
radish-peroxidase-hydroxytyrosol complex decreasing from
9.83� 1013 to �93,411 during 15 ps. Kinetic energy (kcal/
mol) increasing from 16,867 to 17,401 and van der Waals
energy (kcal/mol) increasing from 1784 to 4331 were
achieved when the temperature was increased to 307.4 K. In
this period, electrostatic energy had little change from
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�81,728.6 to �81,930. The total energy (kcal/mol) decreasing
from �7.59� 104 to �7.68� 104 was indicated. Overall, all
these energy variations were closely related to catalyzing
efficacy for these enzymes.

3.4. Torsion analysis of hydroxytyrosol

As Table S5 indicated, compared with torsion of free hydrox-
ytyrosol, There are 46 torsion angles produced based on the

chemical structure of hydroxytyrosol (HT), however, only 19
torsion angles (Table S6) from 5 backbones (C1–O7, C2–O8,
C5–C9, C9–C10 and C10-O11) rotation (u1 � u5, seen in
Figure S6) gave a relative high variation compared with
these angels in free hydroxytyrosol. For u1 and u2, formed
by the rotation of C1–O7 and C2–O8 in phenolic hydroxyl of
the HT, all the enzymes (laccase, tyrosinase and horseradish
peroxidase) performed the similar action, can induce the
C–O to rotate when binding with HT in different interactions
acting as a biocatalyst. Rotating by 53.3� from 2.9� or �177.2

Figure 6. Molecular dynamics by the complexes: HT-laccase (a), HT-tyrosinase (b) and HT-horseradish peroxidase (c). LAC, laccase; TYR, tyrosinase; and HRP, horse-
radish peroxidase were presented.
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to 56.2� or 123.8� for the HT binding with the three
enzymes, compared with free HT, achieved the best match
with these enzymes in geometry and energy (Bruno et al.,
2010). For u3, formed by rotation of backbone (C5–C9), on
one hand, HT binding with the different enzymes gave a dif-
ferent levels on rotation. C4 (C6)–C5–C9–C10 as backbone
chain was impacted by the binding tyrosinase more than
that by laccase (20�) or horseradish peroxidase (22�), their
absolute values of the torsion angles variation for binding
tyrosinase reached 48� to possibly lower steric hindrance
effect (Chen et al., 2017; Dic�esare et al., 1999). On the other
hand, C4 (C6)–C5–C9–H17 as backbone chain was impacted
by the laccase more than that by tyrosinase or horseradish
peroxidase, their absolute values of the torsion angles vari-
ation for binding tyrosinase reached 108� possibly due to
the flexibility of the lighter H atom. The torsion variation of
C4 (C6)–C5–C9–H18 was similar to the observations of C4
(C6)–C5–C9–H17 but the absolute value was 126�. For u4,
C5–C9 (H17)–C10–O11(H20) as backbone chain induced by
horseradish peroxidase reached 105� and 109�, which was
obviously greater than that was almost kept unchanged by
laccase and tyrosinase. Likewise, H17(H18)–
C9–C10–H19(H20) in HT as backbone chain induced by lac-
case rotated over 110� more than that by tyrosinase and
horseradish peroxidase, indicating that the relevant H atoms
were easier to rotate by laccase (Mezei & Csonka, 2015). For
u5, the torsion of H19 (H20)–C10–O11–H21 by horseradish
peroxidase were changed over 118� in average more than
that almost kept unchanged by laccase and tyrosinase.

Furthermore, as Table S7 showed, compared with the
bonds of free hydroxytyrosol (initial status), the bond lengths
of hydroxytyrosol (final status) binding with laccase, tyrosin-
ase or horseradish peroxidase gave a varying degree
depending on the specific enzyme and bonded atoms. For
the hydroxytyrosol at final status, the bond lengths from
binding laccase changed the most reaching 30% longer
increased in total (the sum of all the bonds lengths in
hydroxytyrosol), whereas the other two hydroxytyrosol bond
lengths from binding enzymes almost kept unchanged. That
means hydroxytyrosol was possibly activated by binding lac-
case due to getting the bond lengths longer (Cambria et al.,
2012; Pogni et al., 2015). Particularly, all the lengths between
O and H in the hydroxyl groups of the hydroxytyrosol were
obviously getting longer reaching over 10% and thus easier
to get broken and further conduct ensuing self-polymeriza-
tion reaction for o-phenolic hydroxyl groups (O7–H15 and
O8–H16). That’s well matched with our experiments’ results
that laccase catalysis performed the best on hydroxytyrosol
polymerization.

4. Conclusions

The oxidative polymerization of hydroxytyrosol catalyzed by
laccase, tyrosinase or horseradish peroxidase was proved to
be a feasible transformation way. Hydroxytyrosol polymeriza-
tion by laccase showed the best performance under reaction
temperature 50�C for 20min in a buffer aqueous solution of
pH 5.0. The main driving forces of hydrogen bonding,

pi–sigma, pi–alkyl and van der Waals’ force interactions were
critical for the catalysis process and enzyme change.
Specifically, PRO4, TYR7, ASP8, PRO12, LEU121 and VAL14 in
laccase interacted with hydroxytyrosol. The time of achieving
interaction balance goes within 175 ps. Structural analysis in
view of torsion and bond lengths showed that the C–O of
phenolic bonds from hydroxytyrosol gave an obvious rota-
tion and its length of the related O–H became longer when
binding to laccase compared with free hydroxytyrosol. These
findings are gainful to deeply understand the enzymatic
polymerization process of the catechin-based phenolics with
the catalysis of oxidoreductase. In addition, this study might
provide an innovative pathway with oxidoreductase to dis-
posing the olive by-products such as olive mill wastewater or
olive pomace in a green and environmentally friendly sense
and obtaining highly value-added oligomers.
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