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Abstract
Cancer diseases are one of the most common causes of death. It is important to reduce the proliferation of cancer cells at an 
early stage, but also to limit their migration. There is a need to find new compounds of moderate anticancer prevention activity 
for long administration. TOPIIα and actin are proteins that in states of inflammation can cause the progression of cancer and 
neoblastic cell migrations. Looking for compounds that will work comprehensively in preventing cancer, interacting with 
both TOPIIα and actin is crucial/was our aim. In this study, the antioxidant properties of propenylbenzene derivatives and 
their affinity to bind actin and TOPIIα causing inhibition of their functions were evaluated. The ligand–protein binding assay 
was carried out by isometric titration calorimetry (ITC), and molecular docking, and the antioxidant potential. The highest 
chelation activity was shown by 5b: 83.95% (FRAP 18.39 μmol Fe(II) mL−1). High affinity for actin and TOPIIα using ITC 
and docking was shown by diol forms. For actin the best ligands were 2b (∆H − 51.49 kJ mol−1, ∆G − 27.37 kJ mol−1) and 
5b (∆H − 17.25 kJ mol−1, ∆G − 26.20 kJ mol−1), whereas for TOPIIα: 3b (∆H − 163.86 kJ mol−1, ∆G − 34.60 kJ mol−1) 
and 5b (∆H − 160.93 kJ mol−1, ∆G − 32.92 kJ mol−1). To confirm the occurrence of the interactions at the active site of the 
proteins, molecular docking and subsequent molecular dynamics simulations were performed, which showed for both actin 
and TOPIIα the highest enthalpy of interactions of 5b: − 34.94 kJ mol−1 and − 25.52 kJ mol−1, respectively.
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Introduction

Cancer diseases are the second leading cause of death 
in the world. Cancer cells differentiate and spread in an 
uncontrolled way in the human body. There are many types 
of cancer, and most of them are still unknown or newly 
discovered [1]. The strategy of cancer treatment is still 
developing; unfortunately, with the emergence of more 
and more new cases, the disease is insurmountable. It is 
estimated that in 2018, over 9 million people worldwide 
died from various types of cancer [2]. The formation of 
cancer cells can occur in different ways. One reason is the 
accumulation of reactive oxygen species (ROS). The accu‑
mulation of ROS affects the disruption of the proper func‑
tioning of tissues. This process results in the formation 
of oxidative stress, which causes, among others, to DNA 
damage, oxidizes proteins, which activates oncogenic 
pathways [3]. According to in vitro and in vivo studies, 
ROS are involved in all phases of tumor formation (phases 
of initiation, promotion and progression) [4]. Topoisomer‑
ase II α (TOPIIα) is an isoform of human topoisomerase 
II; its main task is cells proliferation; it reduces torsional 
stress; and it is required for the proper functioning of chro‑
mosomes (condensation, cohesion and segregation) [5, 6]. 
DNA double-strand breaks are catalyzed by TOPIIα, fol‑
lowed by induction of mitosis gene transcription [6, 7]. 
However, high levels of aberrant TOPIIα expression have 
been detected in various types of tumors.

Although there are different mechanisms of tumor for‑
mation, it is important to prevent metastasis. The main 
protein responsible for the migration of cancer cells and 
the resulting metastasis is actin, which polymerizes when 
malfunctioning. Actin is a structural protein. In cells, 
it mainly performs the function of vesicle transport, 
migration and cell division [8]. The actin cytoskeleton is 
changed during tumor metastasis. These changes occur 
during the transformation process due to the binding of 
proteins to actin. The main mechanism of changes in the 
actin cytoskeleton is the downregulation of several iso‑
forms of tropomyosin. This is due to the deregulation of 
actin binding protein leading to actin filament dynamics 
[9, 10]. The dynamics of the actin filament depends on the 
binding to the subunits; the ADP-actin subunit dissociates 
faster than the ATP-actin. Activation of the complex of 
actin-related proteins 2 and 3 (Arp2/3) by binding to the 
side of the actin filament produces further branches affect‑
ing the formation of membrane sprouts, as well as cell 
motility, e.g. lamellipodia, filopodia [11]. In addition, cel‑
lular pseudopods are formed, the main structure of which 
are protuberances connected by actin. The protuberances 
are arranged in the direction of the movement of the cells, 
adjacent to its membrane. Proteins associate mainly in the 

VAC region, consisting of a viologen structural domain (at 
the C-terminus), a cophilin domain and an acid domain. 
Activation of the Arp2/3 complex by the VCA region 
results in pseudocell formation, invasion, and migration of 
tumor cells [12, 13]. Therefore, it is important to look for 
compounds that will work comprehensively in preventing 
cancer, interacting with both TOPIIα and actin.

In this study, the use of newly obtained propenylbenzene 
derivatives (diols and hydroxy ketones) by environmentally 
friendly methods was proposed. Propenylbenzenes have 
anticancer properties, so it was decided to test their deriva‑
tives. The aim of the study was to evaluate the binding of 
propenylbenzene derivatives to actin and TOPIIα using the 
methods of isothermic titration calorimetry and molecular 
docking and molecular dynamics, as well as to evaluate the 
antioxidant properties of the compounds.

Material and methods

Materials and reagents

Prop-1-en-1-yl benzene, anethole, 1,2-dimethoxy-4-prop-
1-en-1-yl benzene, isoeugenol, actin from porcine mus‑
cle ~ 90% lyophilized powder containing Tri, topoisomerase 
II α human, 3-caffeoylqunic acid (≥ 99%), 6-Hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 
2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), sodium acetate, ferric 
chloride hexahydrate, ferrozine, and ammonium acetate were 
purchased from Sigma-Aldrich Chemical Co. (St. Louis, 
MO, USA). All other reagents were of analytical grade and 
were purchased from Chempur (Piekary Slaskie, Poland).

The synthesis of diols and hydroxy ketones has been 
described in a previous paper [14]. In short, the chemo-
enzymatic synthesis to obtain a mixture of two racemic 
diastereomers of diols was performed. Prop-1-en-1-yl ben‑
zene (2a), anethole (3a), 1,2-dimethoxy-4-prop-1-en-1-yl 
benzene (4a), and isoeugenol (5a) were dissolved in EtOAc 
(2.96 mmol/15 mL); then, 382 µL of H2O2 4.44 mmol and 
10 mg of Novozym 435 were added. The reaction mixtures 
were incubated in a thermoshaker (30 °C, 18 h). After incu‑
bation, the enzyme was filtered off and the reaction was 
stopped by adding Na2SO3, and then with a saturated solu‑
tion of NaHCO3. The remaining fraction was dried with 
Na2SO4, concentrated under reduced pressure, and then dis‑
solved in 15 mL of MeOH. In the next step, excess of KOH 
was added and left for 24 h at room temperature with con‑
tinuous stirring. The resulting mixture was reduced under 
pressure and then diluted with H2SO4 solution. The result‑
ing phase was then dried with Na2SO4 and concentrated. 
The following diols were obtained: 2a → 1-phenylpropane-
1,2-diol (2b), 3a → 1-(4-methoxyphenyl)propane-1,2-diol 
(3b), 4a → 1-(3,4-dimethoxyphenyl)propane-1,2-diol (4b), 
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and 5a → 1-(4-hydroxy-3-methoxyphenyl)propane-1,2 
-diol (5b). The hydroxy ketones were obtained by biotrans‑
formation. The PCM medium was sterilized (121 °C for 
15 min) and then inoculated with a bacterial culture (5 mL, 
OD600 = 0.3–0.5) and incubated with shaking (22 °C, 3 days). 
Then, diols, previously dissolved in DMSO (0.2 g/5 mL), 
were added to the culture. Microbial oxidation was car‑
ried out from 3 to 11 days. The following hydroxy ketones 
were obtained: 2b → 2-hydroxy-1-phenylpropan-1-one (2c), 
3b → 2-hydroxy-1-(4-methoxyphenyl)propan-1-one (3c), 
4b → 1-(3,4-dimethoxyphenyl)-2-hydroxypropan-1-one (4c).

Ferric reducing antioxidant power assay (FRAP)

The ferric reducing antioxidant potential (FRAP) test 
was conducted to determine the total antioxidant capacity 
[15, 16]. For that reason 10 µL (10 mmol) of compounds` 
extracts were mixed with 4 mL of FRAP. The FRAP solution 
was prepared by mixing 25 mL of acetate buffer (pH 3.6, 
300 mmol L−1) with 2.5 mL of 2,4,6-Tris(2-pyridyl)-s-tria‑
zine (TPTZ, 10 mmol L−1) at 40 mmol L−1 HCl and 2.5 mL 
FeCl3·6H2O (20 mmol L−1), the mixture was incubated in 
the dark (30 min, 37 °C), and the solution was mixed and 
incubated without the access of light (30 min, 37 °C). The 
absorbance was measured at 593 nm and compared with 
ferrous sulfate to make a standard curve. The FRAP value 
was shown as μmol Fe(II) mL−1.

Chelating activity of Fe2+

The Fe2+ chelating ability was determined as described pre‑
viously [15]. Briefly, tested compounds (1 mL) were placed 
in a 20 mL vial and suitably diluted with ethanol and sub‑
sequently 100 μL of 2 mmol L−1 FeCl2 and 4.7 mL of high-
purity deionized water was added. Then, the solution was 
mixed for 30 s and 200 μL of 5 mmol L−1 ferrozine solution 
was added. The mixture was mixed vigorously and incubated 
at room temperature for 15 min. The absorbance was meas‑
ured spectrophotometrically at 562 nm. A control sample 
was prepared by adding 5.7 mL of deionized water, 100 μL 
of 2.0 mmol L−1 FeCl2 solution and mixing vigorously. After 
30 s, 200 μL of a 5 mmol L−1 ferrozine solution was added. 
The sample was mixed vigorously and incubated for 15 min 
in a dark place. The results are expressed as the percentage 
chelating activity (%).

Isothermal titration calorimetry

Thermodynamic parameters of actin or TOPIIα binding to 
propenylbenzene derivatives were performed by isothermal 
titration calorimetry (ITC) using a MicroCal PEAQ-ITC200 
apparatus (Malvern, Worcestershire, UK) as described pre‑
viously [17]. During the ITC assay, measuring cell of the 

0.2 mL was filled with degassed actin solution (100 µmol 
L−1) or TOPIIα (100 µmol L−1) and titrated with each of 
2a–5a, 2b–5b and 2c–4c at a concentration of 10 mmol 
L−1. The injection in 11 intervals was repeated 15 times at 
36.6 °C with constant stirring 307 rpm and intervals between 
injections of 150 s. The enzyme and compounds were pre‑
pared in methanol LCMS, pH 7.6. Data were analyzed using 
the MicroCal PEAQ-ITC Analysis software; ‘‘One Set of 
Sites’’ fitting model (stoichiometry, equilibrium dissocia‑
tion constant, enthalpy changes). The heat of dilution of the 
titrant was measured and considered during the analysis. 
The thermodynamic parameters (K, ΔH) calculated based 
on ITC data are so-called conditional (observed) parameters 
as their values depend on the pH of a solution and the type 
of the buffer used (i.e., the enthalpy buffer ionization) [18]. 
Before analysis, the equipment was calibrated according to 
the device procedures (MICROCAL PEAQ-ITC SYSTEM, 
Getting Started Booklet, Malvern Instruments). The run 
parameters for the method 19 injections. T = 20 °C. The cali‑
bration suitable for the CaCl2/EDTA titration experiment. 
The concentrations for the syringe Syr (M) = 1e−3 (CaCl2) 
and the Cell (M) = 100e−6 (EDTA). The sample cell with 
sample solution EDTA was filled, waited 2 min, emptied 
and refilled. The fresh water is in the reference cell (distilled 
water).

Molecular docking

Actin

In order to gain better insights into the binding interactions, 
molecular docking calculations were performed with Lead‑
Finder [19]. For the protein structure, the actin structure 
with PDB code 1WUA was used. Firstly, the ligands, water 
molecules and metal ions were removed. Subsequently, the 
structure was preprocessed using Maestro’s Protein Prepara‑
tion Wizard [20] by adding hydrogens, (re)assigning bond 
orders and adding missing residue atoms. After this, the pro‑
tein structure was charged using Maestro’s system builder 
and the OPLS3e [21] forcefield and saved using the mol2 
format. To obtain the smiles codes of the ligands, they were 
first drawn using PubChem Sketcher V2.4 [22]. The smiles 
were converted to SDF format using RDKit [22]. Finally, 
molconvert [24], part of the ChemAxon’s Marvin suite, was 
used to convert the SDF to mol2 format using the mmff94 
forcefield.

As mentioned earlier, LeadFinder was used to perform 
the docking. For this, the default parameters were kept, and 
the ATP binding site was used as the docking location. The 
docking pose was used as a starting position for subsequent 
100 ns molecular dynamics (MD) simulations.
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TOPIIα

The analysis was performed according to the previous 
method with modifications [25]. Three-dimensional X-ray 
crystal structure of human DNA topoisomerase II, alpha iso‑
enzyme (PDB ID 1zxm, resolution = 1.87 Å, Chains: A, B) 
was downloaded from the protein data bank (PDB; http://​
www.​rcsb.​org/​pdb). In the first stage, a full atom model of 
the enzyme was prepared by calculating the ionizable amino 
acids’ pKa values and protonation states. Then, hydrogen 
atoms were added, and the cap termini were included with 
the Protein Preparation Wizard (Maestro). The charges of 
the atoms of the protein were added using System Builder 
(Maestro). The chemical structures of all compounds (prope‑
nylbenzene derivatives) were built up manually, and partial 
charges were calculated as previously reported to be used 
during docking simulations [26]. The docking of bioactive 

compounds to the prepared enzyme structure model was per‑
formed using the default configuration parameters (Lead‑
Finder docking software). The ATP binding site of TOPIIα 
served as the target location for molecular docking. The 
output docked pose was employed as the starting point for 
subsequent 100 ns MD simulations.

Molecular Dynamics

After the LeadFinder docking calculations, molecular 
dynamics (MD) simulations were performed using Maes‑
tro-Desmond implemented by Schrödinger [27, 28] to gain 
further insights into the protein–ligand interactions. The 
LeadFinder ligand–protein complexes were used as initial 
structures for the MD simulations. For preprocessing, the 
protein Maestro’s preparation wizard was used to add miss‑
ing hydrogens and side chains. Subsequently, the complexes 

Fig. 1   Structures of the prope‑
nylbenzenes 2a–5a, diols 2b–5b 
and hydroxy ketones 2c–4c

2a 2b 2c

3a 3b 3c

4a 4b 4c

5a 5b

OH

OH OH

OH

OH OH

OH

OH OH

OH

OH
HOHO

O

OO O

O

O

O

O

O

OO

O

O O

http://www.rcsb.org/pdb
http://www.rcsb.org/pdb


1279Interaction of an anticancer oxygenated propenylbenzene derivatives with human topoisomerase…

were charged with the OPLS3e force field [29] using Maes‑
tro’s system builder. To ensure an accurate representation 
of the system, the ligand–protein complexes were immersed 
in an SPC (simple point charge) water box, with a buffer 
extending 10 Å beyond the complex’s atoms to prevent 
the protein from leaving the water box. To replicate physi‑
ological conditions, 0.15 M NaCl was added to the solution. 
Furthermore, if the net charge of the system was nonzero, 
additional Na+ or Cl− ions were automatically included to 
neutralize the total system charge. The MD simulations were 
performed under constant temperature (300 K) and pressure 
(1 atm) conditions, utilizing the NPT ensemble to maintain 
a constant number of particles throughout the simulation. 
The OPLS3e force field was employed for all simulations. 
The protein–ligand complex was simulated for 100 ns in 
each case, with data recorded every 4.8 ps. Plots and figures 
depicting the simulations were generated using Maestro’s 
Desmond simulation interaction diagram tool.

Statistical analysis

The results were expressed as mean ± standard error of the 
mean, n = 3. All calculations were evaluated for significance 
using one-way ANOVA followed by Dunnett’s test with the 
GraphPad Prism 6.0 software (GraphPad Software, Inc., La 
Jolla, CA, USA). Significance was defined at p ≤ 0.05.

Results

In our recent studies, a two-step chemo-enzymatic method 
for obtaining oxygenated derivatives of commercially avail‑
able propenylbenzenes 2a-5a was developed [14]. The first 

step involves the synthesis of corresponding diols 2b-5b 
from propenylbenzenes 2a-5a via lipase catalyzed epoxida‑
tion followed by epoxide hydrolysis (Fig. 1). In the second 
step, the microbial oxidation of diols 2b-5b yielded the cor‑
responding hydroxy ketones 2c-4c. All obtained compounds 
were tested for various biological activities, among them 
antioxidant and anticancer activities. Several compounds 
showed high activity; therefore, we decided herein to explore 
deeper their properties.

Antioxidant potential of propenylbenzene 
derivatives

In a previous study, we analyzed antiradical activity using 
the DPPH method; however, this method only identifies 
the most reactive compounds [14]. The FRAP test is more 
accurate and covers the majority of antioxidant components; 
therefore, the antioxidant capacity of the tested compounds 
was determined using the FRAP technique. The highest 
activity was shown for propenylbenzenes, followed by diols 
and hydroxy ketones (Table 1).

The highest antioxidant potential was shown by 3a 
3.89  μmol Fe(II) mL−1, followed by 3b 4.97 and 3c 
6.14 μmol Fe(II) mL−1, and the lowest by 2c 41.24 μmol 
Fe(II) mL−1. In the second test 5b showed the highest 
metal chelating activity: 83.95%. The remaining values 
of the chelating effect (%) were in the order as follows: 
2a 81.29% > 3c 81.11% > 2c 69.22% > 3a 75.08% > 3b 
70.62% > 2b 69.22% > 5a 69.21% > 4a 64.15% > 4c 
59.36% > 4b 55.11%.

ITC analysis of propenylbenzene derivatives 
interactions

The parameters of propenylbenzene derivatives binding to 
actin were determined using the ITC technique. Studies have 
shown that for actin, the binding constant (Ka) of propenylb‑
enzene derivatives ranged from 2.97 to 55.01×103 L mol−1. 
A high actin binding constant was determined for 2a, 2b 
and 4c, amounting 55.01˟103, 41.32×103, 34.60 × 103 L 
mol−1, respectively, while 3b and 3c showed a lower binding 
constant of 2.97×103 and 3.24×103 L mol−1, respectively 
(Table 2).

Direct titration of the tested compounds into the actin 
solution gave an exothermic energetic effect, which was con‑
firmed by negative changes in the reaction enthalpy (ΔH). 
The ΔH range results from − 51.49 to − 0.71 kJ  mol−1, 
for 2b and 2a, respectively. It was observed from the data 
that the binding stoichiometry of the tested compounds to 
actin was 1:1; therefore, the data were fitted to a single-site 
binding reaction model. The highest negative free energy 
of − 28.11 and − 27.37 kJ mol−1 (ΔG) interpreted as the 
substances affinity for binding was recorded for 2a and 2b, 

Table 1   Antioxidant properties determined by FRAP and chelating 
activity Fe2+ of propenylbenzene derivatives

Data are shown as mean ± standard deviation, n = 3, and values fol‑
lowed by different superscript letters (a–e) in the same column are 
significantly different (p < 0.05).

Compound FRAP/μmol Fe(II) mL−1 Fe(II) chelating ability/%

2a 13.01 ± 0.59a 81.29 ± 0.55a

2b 33.05 ± 1.09b 69.22 ± 1.45b

2c 41.24 ± 1.15c 79.45 ± 0.59c

3a 3.89 ± 0.49d 75.08 ± 1.08d

3b 4.97 ± 0.55d 70.62 ± 1.05d

3c 6.14 ± 0.25e 81.11 ± 0.95a

4a 15.13 ± 0.35a 64.15 ± 0.87b

4b 25.55 ± 0.45c 55.11 ± 0.55e

4c 31.60 ± 1.15b 59.36 ± 0.35e

5a 9.11 ± 0.39e 69.21 ± 0.39b

5b 18.39 ± 0.55a 83.95 ± 1.05a
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while the lowest for 3b and 3c which was -20.59 kJ mol−1 
and − 20.82 kJ mol−. Negative reaction entropy (ΔS) was 
observed for 3a, 2b, 4a and 4b, and positive for the rest of 
the compounds.

The tests with TOPIIα showed that 2a and 4c did not form 
bonds with the enzyme, while the remaining interactions 
were exothermic (Table 2). The highest negative change in 
ΔH was characterized by the interaction of the enzyme with 
4a ΔH = − 178.49 kJ mol−1, 3b ΔH = − 163.86 kJ mol−1, 
5b ΔH = − 160.93  kJ  mol−1, and the lowest ΔH value 
was recorded for 2b, ΔH = − 3.01  kJ  mol−1 and 5a, 
ΔH = − 3.88 kJ mol−1. Ka ranged from 684.93 to 17.95×103 
L mol−1. The highest negative ΔG was observed for 3b 
and it amounted -34.60 kJ  mol−1, and the lowest for 3a 
− 25.23 kJ mol−1. While, the reaction entropy was mostly 
negative, with the exception of 5a and 2a, at a level of 71.20 
and 88.73 J mol K−1, respectively.

Molecular docking and dynamics 
of propenylbenzene derivatives

The binding of an inhibitor to the active site of a protein, 
such as an enzyme, relies on interactions with the amino 
acid residues within the target domain. To investigate this, 
molecular docking and subsequent molecular dynamics 
simulations were performed for all synthesized compounds 
at the ATP binding region of actin’s active site. The Lead‑
Finder docking calculations indicated similar docking scores 
for the tested ligands ranging between approximately − 5 
and − 8 kcal  mol−1 for Actin. We include more detailed 
information in supplementary information (Fig. Sx-x + 5). 
To investigate further, molecular dynamics were performed, 
the results of which are presented in Fig. 2.

The studies showed the highest affinity for actin for 5b, 
amounting ΔG = − 34.94 kJ mol−1, and the lowest for 2a 
ΔG = − 21.92 kJ mol−1. This was also evident in the pro‑
tein–ligand interactions observed during the MD simula‑
tions: 5b exhibited numerous and relatively stable interac‑
tions throughout the simulations (Fig. 2k). These interactions 

Table 2   Thermodynamic parameters of interactions between TOPIIα/actin and propenylbenzene derivatives

Values are expressed as mean value ± SD; n = 3; a−g different letters in one column or no index correspond to significant differences (p < 0.05); 
nd-not detected

Compound Kd/μmol L−1 Ka × 103/L mol−1 ∆H/kJ mol−1 ∆G/kJ mol−1 ∆S/J mol−1 K−1 ∆G pre‑
dicted/kJ 
mol−1

ACTIN
2a 18.18 ± 0.01a 55.01 ± 0.35a − 0.71 ± 0.01a − 28.11 ± 0.02a 88.46 ± 0.49a − 21.92
2b 24.20 ± 0.92b 41.32 ± 0.49b − 51.49 ± 1.98b − 27.37 ± 0.03b  − 77.87 ± 0.18b − 26.06
2c 88.20 ± 1.37c 11.34 ± 0.15c − 18.21 ± 0.41c − 24.04 ± 0.03c 18.83 ± 0.56c − 25.15
3a 40.00 ± 1.94d 25.00 ± 0.15d − 32.24 ± 1.60d − 26.08 ± 0.02d  − 19.89 ± 0.55d − 22.46
3b 337.00 ± 1.19e 2.97 ± 0.15d − 7.32 ± 0.45e − 20.59 ± 0.01e 42.84 ± 0.19e − 29.39
3c 308.00 ± 1.74e 3.24 ± 0.05d − 4.43 ± 0.80e − 20.82 ± 0.00e 52.92 ± 0.45f − 30.67
4a 191.00 ± 1.67f 5.23 ± 0.78d − 24.70 ± 1.25f − 22.05 ± 0.04f − 8.55 ± 0.15 g − 23.60
4b 33.50 ± 0.97d 29.85 ± 1.26e − 28.85 ± 1.59f − 26.54 ± 0.11d − 7.47 ± 0.12 g − 33.76
4c 28.90 ± 0.44b 34.60 ± 1.15f − 4.52 ± 0.07e − 26.92 ± 0.01d 72.30 ± 0.45f − 26.28
5a 180.00 ± 1.00f 5.55 ± 0.25d − 10.58 ± 0.45 g − 22.21 ± 0.01f 37.53 ± 0.39e − 24.56
5b 38.10 ± 0.99d 26.24 ± 0.15e − 17.25 ± 1.75c − 26.20 ± 0.08d 28.91 ± 0.35e − 34.94
TOPIIα
2a nd nd nd nd nd nd
2b 7.20 ± 0.15a 138.89 ± 1.15a − 3.01 ± 0.08a − 30.49 ± 0.00a 88.73 ± 1.45a − 19.79
2c 35.70 ± 1.39b 28.01 ± 0.45b − 97.49 ± 1.35d − 26.37 ± 0.01b − 229.60 ± 1.10b − 19.96
3a 55.70 ± 1.45c 17.95 ± 0.09b − 108.68 ± 1.10a − 25.23 ± 0.01b − 269.42 ± 1.25c − 19.60
3b 1.46 ± 0.09d 684.93 ± 1.35c − 163.86 ± 1.45b − 34.60 ± 0.01c − 417.29 ± 2.39d − 25.18
3c 11.70 ± 0.15a 85.47 ± 0.39d − 113.52 ± 1.09a − 29.24 ± 0.01d − 272.08 ± 1.35c − 22.59
4a 2.21 ± 0.10d 452.49 ± 1.45e − 178.49 ± 1.49b − 33.67 ± 0.01c − 467.55 ± 1.39d − 22.64
4b 3.37 ± 0.25d 296.73 ± 1.36f − 59.24 ± 1.25e − 32.45 ± 0.01e − 86.49 ± 1.15e − 24.69
4c nd nd nd nd nd nd
5a 42.30 ± 1.45b 23.64 ± 0.15b − 3.88 ± 0.35c − 25.93 ± 0.02b 71.20 ± 1.05a − 21.13
5b 2.81 ± 0.29d 355.87 ± 0.10 g − 160.93 ± 1.55b − 32.92 ± 0.01e − 413.28 ± 1.45d − 24.14
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Fig. 2   2D summary of interaction diagrams of propenylbenzene 
derivatives–actin interactions in the active sites of actin during a 
100 ns MD simulation. The hydrogen-bond interactions with residues 
are represented by a purple arrow directed toward the electron donor; 

Hydrophobic interactions are represented by a green colors, polar 
interactions—light blue, charged positive—navy blue ball, charged 
negative—red ball. a 3a, b 3b, c 3c, d 2a, e 2b, f 2c, g 4a, h 4b, i 4c, j 
5a, k 5b. (Colour figure online)
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involved various residues, including LYS315, GLN314, 
LEU16, GLN121, VAL17, and THR120. In contrast, 2a, 
which demonstrated the lowest affinity, was unstable 

during the simulation and failed to form any significant pro‑
tein–ligand interactions (Fig. 2d). The second highest affin‑
ity was observed for 4b, with a ΔG of − 33.76 kJ mol-1. The 

Fig. 2   (continued)
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MD simulations supported this finding, showing some long-
lasting interactions with residues such as TRY169, GLY150, 
ASP154, and GLN314 (Fig. 2h). Notably, the interactions 
with ASP154 were substantial, with two polar interactions 
being maintained for 97% and 76% of the entire simulation 
time. Overall, the MD simulations seemed to correlate well 
with the experimental data, where compounds with many 
stable interactions, such as 5b and 4b. Compounds that were 
found to exhibit the lowest affinity did not show significant, 
long lasting interactions, indicating less stable binding.

Molecular docking for TOPIIα with LeadFinder indicated 
similar docking scores for the different compounds, ranging 
from − 5 to − 6.5 kcal mol−1. The results of the MD simula‑
tions for TOPIIα are presented in Fig. 3. Since the experi‑
ments indicated that no stable interactions were formed 
for 2a and 4c were formed with TOPIIα, these compounds 
were omitted from the computational analysis. More detailed 
information about molecular docking and MD of TOPIIα 
is included in the supplementary data under Fig. Sx+6-11.

In the case of TOPIIα, the MD results did not accurately 
match the experimental data. For example, the MD simula‑
tions indicated that compounds 3b, 2c, and 4b did not form 
any stable interactions (Figs. 3b, e, g). While compound 2c 
was expected to have lower affinity, the absence of stable 
protein–ligand interactions for compounds 3b and 4b was 
unexpected, as they were measured to be the two most potent 
compounds in the series. Conversely, compound 5b (Fig. 3i) 
displayed several interactions and was found to be the third 
most potent compound. These discrepancies suggest that 
MD simulations, while useful, may not precisely model all 
interactions in the case of TOPIIα.

Discussion

Fight against cancer is very important at every stage of 
the disease and using proper supplementation can support 
the treatment process and also prevent metastasis. In the 
conducted study, it was documented that the compounds 
obtained from propenylbenzene by the chemo-enzymatic 
method, diols and hydroxy ketones, have a high antioxidant 
capacity, but also bind at the active site to actin and TOPIIα, 
the proteins important in the carcinogenesis and cancer cells 
migration. That indicates that diols and hydroxy ketones 
possess anticancer potential. The research of Contant et.al. 
has shown that anethole (3a) treatment (at a dose of 30 μM) 
shifts the proliferation of signalingpathways and increases 
cell apoptosis in MAP cases, NF-κB and Wnt pathways and 
oxidative stress [30]. The authors also proved the antioxi‑
dant potential of the compound assessed using the FRAP 
method and Fe2+chelating activity. The 3a derivatives 3b 
and 3c obtained in our study showed that the compounds are 
very strong antioxidants. Strong antioxidative potential was 

also shown by 5b obtained from isoeugenol (5a). The results 
have high positive correlation with the reduction properties 
of ferrous ions. In the study of Joo et al., it was observed that 
supplementation of pig embryos with 3a (0.5–1 mg mL−1 
for 6 days) had a positive effect on the activation of SHH 
signaling against oxidative stress [31]. Also, in the work by 
Bilgin et al., it has been shown that synthesized compounds 
based on 5a (6.25–200 μmol) strongly promoted apoptosis 
and inhibited the profiling and migration of human colon 
HT29 cells [32]. Previous studies have also shown its anti‑
microbial (high fungistatic activity against selected strains of 
C. albicans), antioxidant, hemolytic, and anticancer activi‑
ties. The tested compounds inhibited cell proliferation of 
HepG2, Caco-2 and MG63 lines [14]. Therefore, we decided 
to verify one possible interaction that may play a role in 
anticancer activity.

In the carried-out experiments, all derivatives showed an 
exothermic reaction character confirming the occurrence of 
binding. The recorded energetical compensates came from 
the fact that the cell with tested compound in the measure‑
ment becomes warmer than the reference and then the tem‑
perature of the two cells has to be equilibrated. This creates 
a graph with the peaks of negative values. With successive 
ligand injections, the molar ratio (protein–ligand), connected 
with possible interactions, becomes saturated, resulting in 
a gradual disappearance of the peaks [33, 34]. The ITC 
binding curve is fitted to the binding data by integrating 
the injection peak area and molar ratio to ∆H (kcal mol−1). 
In this way, the stoichiometry of the reaction (n), enthalpy 
(∆H), entropy (ΔS) and binding affinity (Ka = 1 Kd

−1) are 
determined [34]. The studies showed different effects of 
the tested compounds on actin and TOPIIα. Negative ∆H 
observed for all the tested compounds indicates hydrogen 
bonding and van der Waals interactions [34], while nega‑
tive ∆S means the occurrence of hydrophobic effect and 
it was demonstrated for actin interacted with 3a, 2b, 4a, 
4b and for TOPIIα with 3a, 3b, 3c, 2c, 4a, 4b, 5b. It could 
be observed that conformational changes occurred for the 
remaining compounds were characterized by positive ∆S 
[33, 34]. Actin binding was a subject of numerous studies 
regarding cell functions inhibition. Lu et al. showed that 
the Ha-VP39 nucleocapsid protein binds to actin, forming 
a stable complex with it preventing polymerization and 
F-actin formation [35]. Dhar et al. in research with cur‑
cumin confirmed similar ability of the compound to inhibit 
actin polymerization. Actin with curcumin bound with an 
affinity constant of Ka = 2,45˟105 L mol−1 and the affinity 
amounting − 34.06 kJ mol−1 [36]. In the studies of red clover 
isoflavone-actin binding, the polyphenols showed the affinity 
(ΔG) in the range from − 19.09 to − 16.08 kJ mol−1, for bio‑
chanin A and genistein, respectively [17]. In our study, the 
diols and hydroxy ketones have higher ΔG in the range from 
− 20.59 to − 28.11 kJ mol−1 which demonstrates superior 
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Fig. 3   2D summary of interaction diagrams of propenylbenzene 
derivatives-TOPIIα interactions in the active sites of TOPIIα during a 
100 ns MD simulation. The hydrogen-bond interactions with residues 
are represented by a purple arrow directed toward the electron donor; 
Hydrophobic interactions are represented by a green colors, polar 

interactions—light blue, charged positive—navy blue ball, charged 
negative—red ball. a 3a, b 3b, c 3c, d 2b, e  2c, f 4a, g 4b, h 5a, i 
5b. Note that the compounds 2a and 4c were not included since they 
weren’t tested experimentally for TOPIIα. (Colour figure online)



1285Interaction of an anticancer oxygenated propenylbenzene derivatives with human topoisomerase…

binding properties. In order to create a complementary bind‑
ing site with the test compounds, negative enthalpy indi‑
cates compensation for the loss of entropy. This indicates 
that compounds obtained from propenylbenzene binding to 
permease are likely involved in the induced fit process. The 
ITC measurement shows that the binding of 3a, 4a and 4b, it 
favorably compensates for the unfavorably negative entropy. 
The compounds interact in a way of complementarity. The 
binding of compounds with actin may cause a change in the 
residues` chain conformation us a result of changes in the 
charges of individual atoms subjected non-covalent interac‑
tions. In the case of compound 2b, there was a decrease in 
the free energy of the considered system, as well as in nega‑
tive entropy and enthalpy changes, causing compensation 
for the lost rotational forces and desolvation which enable 
adaptation of the spatial structure of the protein binding site 
to the ligand and its charge [37, 38].

In the case of TOPIIα, the compounds showed a 
higher affinity for the enzyme and a stronger binding 

constant as well as reaction enthalpy than in the case of 
actin. In a study by Dubey et al., the authors showed that 
nanoclusters such as AuNCs inhibit the catalytic activ‑
ity of TOPIIα, the binding constant Ka was at the level of 
8.39×104 mol−1–2.59×105 mol−1 [39], higher than the pro‑
penylbenzene derivatives, although the number and the type 
of the interactions are also of high importance for the overall 
inhibiting activity. The research by Liu et al. [40] showed 
that the binding to TOPIIα at a unique sequence (residues: 
188–238) of MDM4 inhibits the proliferation of cancer cells 
with Kd of 1.49 μmol [40, 41]. Negative enthalpy and nega‑
tive free energy determine non-covalent interactions, mainly 
hydrogen bonds, ion pairs, van der Waals forces [42–44].

In our study, the affinity of results from ITC analy‑
sis and molecular docking was compared and it could be 
observed that the values did not exhibit consistent trends. 
This is a result of the different experimental assumptions, 
where molecular docking involves interactions only at the 
active site. In the case of actin, higher affinity has been 

Fig. 3   (continued)
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demonstrated by molecular docking, which is associated 
among others with endothermic conformational changes 
recorded during the ITC reaction. However, for the enzyme 
analyses, the affinity was higher in the ITC study (Table 2) 
which is probably a result of additional interactions outside 
the active site.

We investigated the experimental results using computational 
analysis, including molecular docking and molecular dynamics 
simulations. For actin, the computational results aligned well 
with the experiments: the highest affinity compounds exhibited 
more frequent and stable protein–ligand interactions compared 
to the least active compounds. This suggests that, in the case of 
actin, MD simulations can effectively model interactions and 
possess predictive power. However, this consistency was not 
observed with the computational results for TOPIIα. In this 
case, some of the highest affinity compounds did not form sta‑
ble protein–ligand interactions, while some weaker compounds 
appeared to do so. The TOPIIα results indicate that a separate, 
more in-depth analysis must be performed to model the interac‑
tions better.

Conclusions

The results of our study showed that propenylbenzene deriva‑
tives, such as diols and hydroxy ketones, bound to actin and 
TOPIIα in the active sites, which was demonstrated using 
molecular docking, molecular dynamics and calorimetric titra‑
tion. Only two compounds, 2a and 4b, did not interact with 
TOPIIα using ITC conditions. All obtained compounds showed 
high antioxidant potential in FRAP and chelating activity assays. 
The properties should be considered as an anti-inflammatory, 
antiproliferative and antimetastatic potential. The compound 
with the highest activity was 5b (∆G = − 26.20 kJ mol−1 with 
TOPIIα and − 32.92 kJ mol−1 with actin). As a result of the 
research, it was found that propenylbenzene derivatives are com‑
pounds that bind in the active site of TOPIIα. This may indicate 
anticancer potential, which should be continued in other research 
models, e.g., cytotoxicity.
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