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Introduction

The increasing population of living beings in the world 
brings about rapid industrialization. The wastes and toxic 
chemical emissions resulting from rapidly increasing indus-
trial activities such as paper, paint, cosmetics, medicine, 
leather, textile and food cause negative effects on human 
health [1–3]. Although a wide variety of components are 
used in the industry, dyes are a component that has con-
stant use [4, 5]. Dyes, which have a wide range of uses and 
are used in different sectors, provide coloring of objects 
by interacting with the material to be dyed [6–8]. In this 
context, food dyes used in additives used in the food indus-
try are used for various purposes such as protecting and 
increasing the desired and original color, standardizing the 
appearance by preventing color change and deterioration, 
increasing the appeal and creating new products. Food dyes 
are also used in confectionery, snacks, beverages, cakes and 
gelatin desserts [9–11].
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Abstract
The basic nutrient of all living beings in the developmental age is milk. Milk contains many things necessary for ideal 
nutrition. One of the enzymes found in bovine milk is lactoperoxidase (LPO; EC 1.11.1.7). The LPO system functions as 
a natural defense system, especially in newborn babies. Despite the many benefits of milk, contamination of breast milk 
with environmental toxins is common. Over time, people accumulate a lifetime load of chemicals from drugs to environ-
mental pollutants, and these can be passed on to the baby during breastfeeding. Anthraquinones are colorful compounds 
that can be produced both naturally and synthetically. These compounds are widely used in industry and medicine due to 
their biological activities and colorful structures. In this study, in vitro enzyme inhibition study, molecular docking and 
molecular dynamics (MD) simulation parameters were examined to investigate the inhibitory potential of anthraquinone 
derivatives, which are widely used as coloring agents, against the lactoperoxidase enzyme. The inhibitors showed competi-
tive inhibition with Ki values between 0.4964 ± 0.042–2.0907 ± 0.1044 µM. 1,2-Dihydroxy-anthraquinone was predicted 
to have the highest affinity on the LPO receptor, with estimated free binding energies of -7.11  kcal/mol. The stability 
of both ligand and protein, as shown by the low RMSD and RMSF values, shows that 1,2-dihydroxy-anthraquinone (2) 
maintains strong and stable interactions throughout the MD simulation, further supporting the high binding affinity and 
potential biological activity of the compound. We hope that this study will guide the development of drugs targeting the 
LPO enzyme with anthraquinone derivatives.
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Flavones, flavonols, anthraquinones and indigotin com-
pounds contained in plants and insects used in different 
areas as dyes and pigments are known as natural dyes [12–
16]. Flavonoids and anthraquinones are the two main groups 
of natural dyes [17–21]. Anthraquinones have been used in 
different areas due to their colorful structures and biologi-
cal activities. Anthraquinone derivatives with biological 
properties, both synthetic and natural anthraquinones, are 
widely used in pesticides, dyes, textile dyeing, foods, imag-
ing devices, pharmaceuticals and cosmetics [22–27].

Depending on their areas of use, people are under the 
influence of thousands of xenobiotics from the air, soil, 
water and food they take. Therefore, any toxic substance 
that enters the biological system can be metabolized. In 
recent years, it has been known that chemicals and toxic 
substances that enter the metabolism of living beings are 
transmitted to breast milk as a result of metabolic processes 
[28].

Lactoperoxidase (LPO), naturally secreted into milk, is 
an enzyme that plays an important role against pathogenic 
microorganisms in relation to the defense mechanism in 
the digestive system of newborn babies [29, 30]. Found in 
milk; Lactoperoxidase (LPO), which protects the intestinal 
tract and mammary glands of newborns against pathogenic 
microorganisms, is an oxidoreductase that plays a role in 
suppressing and inhibiting the growth of bacteria in metabo-
lism [31, 32]. In summary, LPO acts as a natural defense 
mechanism in biotransformation against pathogens [33]. 
Accordingly, biological systems can act on a toxic com-
pound in a variety of ways. Biochemical change occurs 
through the action of enzymes and is concluded with the 
inhibition or alteration of a particular metabolic pathway.

Our primary aim in this study is not to deliberately inhibit 
lactoperoxidase (LPO) but rather to investigate the potential 
effects of anthraquinone derivatives on this enzyme. Anthra-
quinones, whether naturally occurring or synthetically pro-
duced, are widely used in various industries, including food, 

cosmetics, and textile manufacturing, due to their coloring 
properties and biological activities. As a result, these com-
pounds can inadvertently enter the human body through 
dietary intake, cosmetic applications, or environmental 
exposure.

Given that LPO plays a crucial role in the body’s natural 
defense system, especially in newborns, understanding how 
these commonly encountered anthraquinone derivatives 
interact with this enzyme is of significant importance. Our 
study aims to evaluate whether these compounds, which 
may be present in maternal milk due to bioaccumulation 
over time, have any inhibitory effects on LPO. This is par-
ticularly relevant because exposure to environmental toxins 
through breastfeeding is a growing concern, and elucidating 
their potential impact on LPO activity could contribute to a 
better understanding of their biological consequences.

In this study, anthraquinone derivatives, includ-
ing anthraquinone (1), 1,2-dihydroxyanthraquinone (2), 
1,5-dihydroxyanthraquinone (3), 2,6-dihydroxyanthraqui-
none (4), 1,8-dihydroxy-3-methylanthraquinone (5), and 
1,4-dihydroxy-2,3-dimethylanthraquinone (6) (Fig. 1), were 
investigated to determine their inhibitory effects on lipid 
peroxidation (LPO) in vitro, alongside molecular docking 
and molecular dynamics studies to elucidate the underlying 
inhibition mechanisms.

Materials and Methods

Materials

All chemicals used within the scope of the study were sup-
plied from Sigma-Aldrich and Merck.

Fig. 1  The chemical structure of quinones used in this study

 

1 3

68  Page 2 of 17



Food Biophysics (2025) 20:68

Purification of LPO

The bovine milk used in the study was purchased from a 
local dairy in Erzurum province. LPO was isolated from 
milk as in our previous study. First, the affinity matrix was 
synthesized by modifying the method we used in our previ-
ous study by binding sulfanilamide as the ligand and LTyro-
sine as CNBr to the activated Sepharose-4B. CNBr activated 
Sepharose-4B was washed with cold NaHCO3 buffer (100 
mM, pH: 10.0) and transferred to a beaker. L-Tyrosine was 
bound to CNBr activated Sepharose 4B. The reaction was 
stirred for 90 min. The mixture was washed with distilled 
water to remove excess L-Tyrosine from the Sepharose 
4B-L-Tyrosine gel. LPO was purified in a single step by 
this Sepharose-4B-L-Tyrosine-sulfanilamide column chro-
matography. All purification steps were performed at 4 °C. 
In the first step, the affinity column was equilibrated with 
phosphate buffer (10 mM, pH 6.8), bovine milk homoge-
nate was washed with phosphate buffer (25 mM, pH 6.8) 
and then loaded onto the column. LPO was then eluted with 
NaCl/Na2HPO4 (1.0 M/0.25 M, pH 6.8) enzyme solution. 
Protein flux in the column eluates was determined spectro-
photometrically at 280 nm. Eluants from the column were 
lyophilized, then dialyzed overnight against equilibrated 
buffers and finally protein concentration was determined. 
Previous studies have reported The lyophilization process 
in detail [34].

Determination of LPO Activity

LPO activities were determined according to the proce-
dure of Shindler and Bardsley with a minor modification 
[35]. This method is based on the oxidation of ABTS (2,20 
-azino-bis (3-ethylbenzthiazoline-6 sulfonic acid) diammo-
nium salt) as a chromogenic substrate by H2O2(hydrogen 
peroxide), which results in a product that absorbs at 412 nm. 
The one unit of activity is defined as the amount of enzyme 
catalyzing the oxidation of 1 µmol of ABTS min− 1 at 25 °C 
(molar absorption coefficient 32,400 M− 1 cm− 1) [36].

Inhibition Kinetics of Anthraquinone Derivatives

Inhibition kinetics of anthraquinone and its derivatives IC50 
values were determined from the graphs drawn as a result 
of experimental studies on the LPO enzyme at least five dif-
ferent inhibitor concentrations [37, 38]. After IC50 values 
were determined from the graphs, Lineweaver and Burk’s 
curves were drawn at three different inhibitors and five dif-
ferent substrate concentrations. From these graphs, the Ki 
value and inhibition types of each inhibitor were determined 
separately [39].

Computational Studies

Molecular docking studies were performed using Schröding-
er’s Maestro (14.3) interface, while MD simulations were 
conducted with Desmond (D. E. Shaw Research) via Mae-
stro Interface (14.3).

Preparation of Ligands and Proteins

The protein and ligand preparation followed protocols 
established by our research group. The three-dimensional 
structures of the target proteins were obtained from the Pro-
tein Data Bank (PDB) via the RCSB platform ​(​​​h​t​t​p​s​:​/​/​w​w​
w​.​r​c​s​b​.​o​r​g​​​​​​)​.​ Bovine lactoperoxidase (PDB ID: 3R4X) was 
selected for all computational analyses. Protein prepara-
tion and optimization were performed using Schrödinger’s 
Maestro 14.3, including bond order adjustments, ionization 
state assignments, and removal of water molecules to ensure 
accurate docking [40, 41].

Glide Docking and İnduced Fit Docking

We performed Glide and Induced Fit Docking (IFD) follow-
ing previously published methods. Each ligand was docked 
into the target receptor using Schrödinger’s IFD workflow 
(Schrödinger Release 2025-1). The Glide grid was centered 
on the native ligand’s centroid, with the outer grid set to 25 
Å. For flexible docking, 20 poses per ligand were generated 
and evaluated using Glide XP for enhanced accuracy. The 
resulting IFD docking scores were used to assess binding 
affinity and prioritize the best poses for further analysis [42, 
43].

Prime MM-GBSA Analysis

Prime MM-GBSA analysis was performed using 
Schrödinger Suite 2025-1, following protocols from our 
previous studies. Binding free energies were calculated with 
the MM-GBSA module, using the VSGB solvation model 
and minimized sampling. Flexible conformational adjust-
ments were allowed for residues near the active site, while 
surrounding regions were restrained. This method provided 
accurate binding energy estimates, reflecting the stability 
and affinity of the ligand-protein complexes [44, 45].

Molecular Dynamics Simulations

MD simulations were performed using Desmond (D.E. 
Shaw Research) featuring Maestro Interface 2025-1, follow-
ing the previously published protocols. The protein-ligand 
complex was initially prepared with the System Builder 
module, where it was placed in a orthorhombic box with 
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ranges. The IC50 and Ki values for compounds 1–6 were cal-
culated, and the results are presented in Table 1. In addition 
to the IC50 values, the Ki values, which reflect the binding 
affinity of the compounds, were also determined. The inhi-
bition types of the anthraquinone derivatives were assessed 
using Lineweaver-Burk plots [39]. These values provide a 
comprehensive understanding of the inhibitory potential of 
each compound, with both the IC50 and Ki data contributing 
to the overall evaluation of their effectiveness [39].

The inhibition data of the anthraquinone derivatives 
show varying levels of inhibitory potency, as measured by 
the IC50 and Ki values, with all compounds demonstrating 
competitive inhibition. Compounds 1 and 2, with IC50 val-
ues of 0.397 µM and 0.361 µM, respectively, exhibit the 
strongest inhibition, supported by their relatively low Ki 
values of 0.496 ± 0.042 µM and 0.561 ± 0.022 µM. These 
compounds are the most effective in inhibiting the enzyme, 
suggesting strong binding affinity and potency. Compound 
3, with a higher IC50 of 1.447 µM and Ki of 2.090 ± 0.104 
µM, shows significantly weaker inhibition, making it the 
least potent of the series. Similarly, compounds 4 and 5 
demonstrate moderate inhibition, with IC50 values of 0.764 
µM and 0.728 µM, and Ki values of 1.314 ± 0.212 µM and 
1.236 ± 0.055 µM, respectively. These compounds display a 
good correlation between concentration and inhibition, with 
high R2 values of 0.9569 and 0.9835, but their potency is 
lower compared to compounds 1 and 2. Compound 6, with 
an IC50 value of 2.003 µM and Ki of 1.415 ± 0.464 µM, is 
the weakest inhibitor in this series. Overall, the data indi-
cates that compounds 2 is the most promising candidate for 
further development.

Anthraquinone derivatives have been shown to inhibit 
various enzymes, including Paraoxonase-1 (PON1), lactate 
dehydrogenase (LDH), and acetylcholinesterase (AChE). 
Studies revealed IC50 and Ki values in the range of 3.27–
82.90 µM and 2.50 ± 0.65 to 30.90 ± 7.20 µM for PON1 
inhibition, with competitive inhibition observed. Similarly, 
anthraquinone derivatives demonstrated competitive inhibi-
tion of LDH and AChE, with Ki values ranging from 0.014 
to 0.123 µM, emphasizing their potential as therapeutic 
inhibitors [50–53].

The IC50 graphs are provided in Fig.  2, while the cor-
responding Ki graphs are presented in Fig. 3. These figures 
illustrate the inhibitory effects of the anthraquinone deriva-
tives, with Fig.  2 showing the dose-response curves used 
to calculate IC50 values, and Fig. 3 presenting the Ki val-
ues, which further highlight the binding affinities of the 
compounds.

a 10 Å buffer zone. The system was solvated using TIP4P 
water molecules, and NaCl was added to a physiological 
concentration of 0.15  M to maintain neutrality. Energy 
minimization was carried out with the OPLS4 force field to 
accurately represent molecular interactions. The simulation 
was conducted for 500 ns under NPT conditions (300  K, 
1 atm) with a 500 ps time step. Protein-ligand interactions, 
including hydrogen bonds, hydrophobic contacts, and salt 
bridges, were analyzed throughout the simulation. The sta-
bility and dynamic behaviors of the complex was evaluated 
by monitoring the RMSD, RMSF, H bond, SASA, rGry, 
MolSA and PSA analysis [46, 47].

Docking Validations

In this study, re-docking was used to validate the docking 
results. The co-crystal ligand, pyrazine-2-carboxamide, was 
extracted from the target enzyme (3R4X) and re-docked 
onto its respective receptor. The binding pose quality was 
assessed using RMSD, with values below 2 Å considered 
reliable. Superposition of the re-docked ligand with the 
crystal structure was also performed to visually confirm the 
accuracy of the binding pose [48].

Results and Discussion

Enzyme Inhibition and Kinetic Study

LPO is an enzyme found in milk and has many potential 
applications such as food preservation, milk and cheese 
industries, as it reduces microflora. LPO is also biologically 
important because it has a natural defense system against 
bacterial growth and micro-organisms. Some chemicals 
and drugs change normal enzyme activities with specific 
enzyme inhibitions [49].

IC50 values were determined from the activity measure-
ments of anthraquinone derivatives across different dose 

Table 1  Inhibition data of anthraquinone derivatives
Compound R2 IC50 

(µM)
Ki (µM) Inhibition 

type
Anthraquinone (1) 0.9395 0.397 0.496 ± 0.042 Competitive
1,2-dihydroxy-
anthraquinone (2)

0.9111 0.361 0.561 ± 0.022 Competitive

1,5-dihydroxy-
anthraquinone (3)

0.9111 1.447 2.090 ± 0.104 Competitive

2,6-Dihydroxy-
anthraquinone (4)

0.9569 0.764 1.314 ± 0.212 Competitive

1,8-Dihydroxy-
3-methyl-anthraqui-
none (5)

0.9835 0.728 1.236 ± 0.055 Competitive

1,4-Dihydroxy-
2,3-dimethyl-
anthraquinone (6)

0.9382 2.003 1.415 ± 0.464 Competitive
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Fig. 3  1/V (EU/ml.)−1and 1/[ABTS] (mM)−1 graphs for LPO enzyme obtained with molecules depending on ABTS substrate

 

Fig. 2  Activity(%)-[Inhibitor] graphs for LPO enzyme obtained by molecules depending on ABTS substrate
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potency. The evaluation of 1,5-dihydroxy-anthraquinone 
(3) and 1,8-dihydroxy-3-methyl-anthraquinone (5) pro-
vides additional insights into their inhibitory potential. 
Compound 3 exhibited a relatively high Ki value (2.091 
µM), indicating lower in vitro potency compared to other 
derivatives. However, it achieved a moderately favorable 
docking score (-6.804 kcal/mol) and MM-GBSA ΔG bind-
ing energy (-30.94 kcal/mol), suggesting it forms stable but 
less potent interactions with the active site of the lactoper-
oxidase enzyme. In contrast, compound 5 showed a better 
Ki value (1.236 µM), indicating higher inhibitory potency 
than compound 3. It also achieved a strong docking score 
(-7.118  kcal/mol), comparable to the most potent deriva-
tives, which suggests good binding affinity. However, its 
MM-GBSA ΔG binding energy (-24.78 kcal/mol) was the 
least favorable among all compounds, indicating lower sta-
bility of the ligand-protein complex. The reference drug, 
Sulfanilamide, is included in the docking study as a com-
parative inhibitor. Its docking score is -4.514 kcal/mol, indi-
cating a lower binding affinity to the target compared to the 
anthraquinone derivatives. The MMGBSA ΔG bind for sul-
fanilamide is -8.05 kcal/mol, suggesting a relatively weaker 
binding interaction with the enzyme target in comparison to 
the anthraquinone compounds, which exhibit more negative 
values, indicating stronger binding affinity.

The molecular docking two dimensional (2D) ligand 
protein interactions of all derivatives are given in Fig.  4. 
As shown in Fig. 4, all target compounds interact with the 
protoporphyrin ring in the active site of the lactoperoxidase 
(LPO) enzyme. The interaction between the protoporphyrin 
ring and inhibitors in LPO is a key element of the inhibi-
tion mechanism. Since the protoporphyrin ring is part of 
the heme group in the active site of LPO, the binding of 
inhibitors to this ring directly affects the enzyme’s catalytic 
activity. Inhibitors that interact with the protoporphyrin ring 
disrupt the oxidation-reduction cycle of the iron atom, pre-
venting the production of reactive oxygen species by the 
enzyme. The binding of inhibitors to the protoporphyrin 
ring destabilizes this critical structure, potentially halting 
or weakening LPO’s function, thus inhibiting its biological 
and pharmaceutical effects [34].

All the anthraquinone derivatives interact with the pro-
toporphyrin ring through π-π stacking and/or π-cationic 
interactions. In addition to the protoporphyrin interactions 
in all compounds, Fig. 4a shows that the carbonyl group of 
compound 1 forms a hydrogen bond with Arg-225 and a π-π 
stacking interaction with His-109.

Figure 4b demonstrates that the hydroxyl groups of com-
pound 2 form three different hydrogen bonds with Gln-105, 
Asp-109, and His-109, while also interacting with Arg-225 
through a π-cationic interaction. In Fig. 4c, the ketone and 
hydroxyl groups of compound 3 simultaneously form two 

Molecular Docking Studies

Molecular docking is an important tool in drug discovery, 
enabling the study of ligand-protein binding interactions 
and affinities. Induced Fit Docking (IFD) technic enhances 
precision by allowing the protein to adjust to the ligand’s 
shape, creating a more realistic binding model. The MM-
GBSA (Molecular Mechanics-Generalized Born Surface 
Area) method further refines this analysis by calculating 
binding free energy, combining molecular mechanics with 
solvation effects to quantify interaction strength and stabil-
ity [54, 55].

In this study, molecular docking was employed to 
explore the potential inhibitory mechanisms of anthraqui-
none derivatives by examining their binding interactions 
with the active site of the lactoperoxidase enzyme. Docking 
studies were specifically conducted on the enzyme’s active 
site, as all derivatives exhibited competitive inhibition in the 
in vitro enzyme kinetic studies. The docking process uti-
lized the IFD approach and binding free energies (ΔG) were 
determined using the MM-GBSA method. The findings are 
summarized in Table 2.

The results indicate that 1,2-dihydroxy-anthraqui-
none (2) is the most potent inhibitor of the lactoperoxi-
dase enzyme. It demonstrated a low Ki value (0.561 µM), 
indicating strong in vitro inhibitory potency, along with 
a favorable docking score (-7.110  kcal/mol) and a robust 
MM-GBSA ΔG binding energy (-41.96 kcal/mol), reflecting 
high binding affinity and complex stability. While the parent 
compound, anthraquinone (1), showed the lowest Ki value 
(0.496 µM), its less favorable docking score (-5.224 kcal/
mol) and MM-GBSA ΔG bind (-32.98  kcal/mol) suggest 
weaker binding interactions compared to compound 2. 
Other derivatives, such as 2,6-dihydroxy-anthraquinone 
(4) and 1,4-dihydroxy-2,3-dimethyl-anthraquinone (6), 
displayed strong MM-GBSA ΔG bind values (-48.27 kcal/
mol and − 41.53  kcal/mol, respectively), but their higher 
Ki values and moderate docking scores indicate reduced 

Table 2  Docking scores and MM-GBSA ΔG binding free energies of 
the anthraquinone and derivatives against lactoperoxidase enzyme 
(PDB ID: 3R4X)
No Compound Name Dock-

ing score 
(kcal/mol)

MMGBSA 
ΔG Bind 
(kcal/mol)

1 Anthraquinone -5.224 -32.98
2 1,2-Dihydroxy-anthraquinone -7.110 -41.96
3 1,5-Dihydroxy-anthraquinone -6.804 -30.94
4 2,6-Dihydroxy-anthraquinone -6.738 -48.27
5 1,8-Dihydroxy-3-metil-anthraquinone -7.118 -24.78
6 1,4-Dihydroxy-2,3-dimetil-anthra-

quinone
-7.316 -41.53

7 Sulfanilamide (reference inhibitor) 
[56]

-4.514 -8.05
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hydroxyl groups interact with Gln-105 and Ala-114 through 
hydrogen bonding. Additionally, π-π stacking interaction 
with Phe-113 is observed. In Fig. 4e, the ketone group of 
compound 5 forms a hydrogen bond with Arg-225, and the 
hydroxyl groups at C1 and C8 positions form two separate 

hydrogen bonds with Arg-225, while the same hydroxyl 
group also forms an additional hydrogen bond with Asp-
108. Other hydroxyl group in the molecule forms another 
hydrogen bond with Gln-423. In Fig. 4d, the ketone group of 
compound 4 forms a hydrogen bond with Arg-225, while the 

Fig. 4  Molecular docking 2D ligand protein interactions (LPI) between 
anthraquinone derivatives and lactoperoxidase (LPO) enzyme. (a) LPI 
of 1-LPO complex, (b) LPI of 2-LPO complex, (c) LPI of 3-LPO 

complex, (d) LPI of 4-LPO complex, (e) LPI of 5-LPO complex and 
(f) LPI of 6-LPO complex
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parameters like RMSD (Root Mean Square Deviation) 
assess complex stability, while RMSF (Root Mean Square 
Fluctuation) measures protein flexibility, aiding in the eval-
uation and optimization of potential drugs [40, 44]. Based 
on in vitro testing and molecular docking results, 1,2-dihy-
droxy-anthraquinone (2) emerges as the most promising 
candidate. Although for all derivatives 500 ns MD simula-
tion studies were carried out the MD simulation analysis of 
2-LPO complex is evaluat[[34[[34ed. The MD simulation 
analysis of 2-LPO complex is presented in Fig. 6, while the 
MD simulations for other complexes can be found in the 
supporting materials.

Figure 6a represents the 2D key ligand-protein interac-
tions (LPI) along with the simulation time percentages, 
emphasizing the importance of certain interactions over the 
course of the simulation. The phenolic hydrogen forms a 
hydrogen bond with Asp-108 during 94% of the simulation 
time, which is highly significant as it indicates a strong, 
consistent interaction, essential for maintaining the stabil-
ity of the ligand-protein complex throughout the simulation. 
This extended interaction time suggests that the bond with 
Asp-108 is a key stabilizing factor in the complex. Simi-
larly, another phenolic OH group interacts with Gln-105 via 
a hydrogen bond for 81% of the simulation time, also indi-
cating a long-lasting and important interaction that likely 
contributes to the stability and specificity of the binding. In 
comparison, the other interactions, such as those with the 
carbonyl oxygen (11%) and the π-π stacking interactions 
with His-109 and Phe-113 (18% and 15%, respectively), 
while still important, occur less frequently, suggesting 
secondary stabilizing roles. These findings underscore the 
importance of the primary hydrogen bonds in ensuring 
strong and consistent ligand binding during the simulation.

Figure 6b represents the RMSD of the ligand and pro-
tein Cα atoms throughout the simulation, providing insight 
into the structural stability and conformational changes. The 
average RMSD of the protein Cα atoms is 1.2 Å (pale blue), 
indicating a relatively stable protein structure with only 
slight deviations from its initial conformation during the 
simulation. The average RMSD of the ligand when fit onto 
the protein is 1.0 Å, suggesting that the ligand maintains a 
stable position within the protein binding site, with minimal 
movement or deviation. In contrast, the average RMSD of 
the ligand fit onto its initial position (0.20 Å, pink) reflects 
very little deviation from its starting position, indicating that 
the ligand remains highly stable and closely adheres to its 
original orientation throughout the simulation.

Figure  6c and d show the RMSF of protein Cα atoms 
and ligand atoms, reflecting the flexibility of both during the 
simulation. The average RMSF of the protein Cα atoms is 
0.8 Å, indicating minimal fluctuation and structural stability. 
The ligand’s average RMSF is 0.6 Å, suggesting it remains 

hydrogen bonds with Asp-108 and Ala-114, respectively. 
Moreover, a π-π stacking interaction with His-109 is noted. 
Finally, in Fig. 4f, the ketone group of compound 6 forms 
a hydrogen bond with Arg-225, while the hydroxyl groups 
form two additional hydrogen bonds with Gln-423 and Ala-
114. Compound  exhibits π-π stacking interactions with the 
heme core, along with π-cationic interactions. Additionally, 
a π-π stacking interaction with His-109 is also present. The 
molecular docking three dimensional (3D) ligand protein 
interactions of all derivatives are given in Fig. 5. In Fig. 5 
the pink structure represents the protoporphyrin ring. The 
yellow dashes represent the hydrogen bond interactions, the 
turquoise dashes represent the π-π stacking interactions and 
the red dashes represent the π-cationic interactions. Addi-
tionally, the red sphere in the middle of the protoporphyrin 
ring represents the iron atom.

As shown in Fig. 5, the ligands are stacked parallel to the 
protoporphyrin ring within the active site of the enzyme, 
forming interactions with it. The gray clouds in the Fig. 5 
represent the protein’s surface binding areas, while the blu-
ish clouds indicate the ligand surface binding area. When 
the ligand fully occupies the active site, the surface bind-
ing areas overlap completely, signifying that the ligand is 
thoroughly accommodated in the active site of the enzyme. 
This complete binding enhances the inhibitory potential of 
the ligand and increases the stability of the ligand-protein 
complex. Additionally, as seen in Fig. 5, the hydrogen bond 
lengths range from 2.0 to 2.40 Å, with shorter hydrogen 
bonds indicating a more stable ligand-protein complex. This 
strong binding suggests that the inhibitor candidates exhibit 
high binding affinity, contributing to their effectiveness in 
inhibiting the enzyme.

As conclusion the interactions between anthraquinone 
derivatives and the protoporphyrin ring of lactoperoxi-
dase are key to their inhibitory potential. π-π stacking and 
π-cationic interactions with the protoporphyrin ring stabi-
lize the binding of these inhibitors, disrupting the enzyme’s 
catalytic activity by affecting the heme group’s function. 
Additionally, hydrogen bonding with key residues like 
Arg-225, His-109, Asp-108, Gln-105, and Ala-114 further 
strengthens the binding and impairs the enzyme’s normal 
function. The combination of these interactions indicates a 
strong binding affinity, making the anthraquinone deriva-
tives promising candidates for developing potent lactoper-
oxidase inhibitors with potential therapeutic applications.

Molecular Dynamics (MD) Simulations

Molecular Dynamics (MD) simulations track atomic move-
ments to study molecular interactions and behavior. In drug 
discovery, MD helps predict binding affinity, explore con-
formational changes, and optimize drug candidates. Key 
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represents the fractional interaction histogram, which sum-
marizes the interactions between the ligand and the protein. 
Since a functional group can interact with multiple amino 
acid residues and a single residue can engage with several 
functional groups, all fractional interactions are accumulated 

stable within the binding site. Figure 6c also highlights 14 
amino acid contacts (represented by green vertical lines), 
confirming that the ligand maintains consistent interactions 
with the protein throughout the simulation, further support-
ing the stability of the ligand-protein complex. Figure  6e 

Fig. 5  Molecular docking 3D ligand protein interactions (LPI) and sur-
face binding analysis between anthraquinone derivatives and lactoper-
oxidase (LPO) enzyme. (a) LPI of 1-LPO complex, (b) LPI of 2-LPO 

complex, (c) LPI of 3-LPO complex, (d) LPI of 4-LPO complex, (e) 
LPI of 5-LPO complex and (f) LPI of 6-LPO complex
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fractional interactions are observed with the residues Gln-
105, Asp-108, and Arg-255, highlighting the key roles these 
amino acids play in stabilizing the ligand-protein complex. 
Finally, Fig. 6f shows the hydrogen bond (H-bond) interac-
tion timeline, illustrating the interactions between the ligand 
and key amino acid residues. Asp-108, Gln-105, His-109, 

to create this histogram. The histogram is color-coded to 
differentiate the types of interactions: green for hydrogen 
bonds, blue for water-mediated hydrogen bonds, purple for 
hydrophobic interactions, and red for ionic interactions. 
The y-axis indicates the relative interaction ratio, reflecting 
the frequency of each interaction type. The most abundant 

Fig. 6  The MD simulation analysis of 2-LPO complex. (a) 2D key ligand protein interactions, (b) RMSD of ligand and protein atoms, (c) RMSF 
of protein atoms, (d) RMSF of ligand atoms and (e) fractional interaction histograms (f) H bond timeline depiction
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Surface Area (SASA) fluctuates within 125–150 Å2, with 
minor spikes likely due to small conformational shifts. Sim-
ilarly, the Polar Surface Area (PSA) stays between 150 and 
165 Å2, showing stable solvent exposure of polar regions 
throughout the simulation. The overall trends suggest that 
the system is well-equilibrated and structurally stable, with 
minimal perturbations. If this simulation involves a ligand-
protein complex, the stability of PSA and SASA values may 
indicate consistent ligand binding, while the low occurrence 
of intraHB suggests a potential preference for intermolecu-
lar interactions.

MD Simulation Validation and Reproducibility

To verify the MD simulation results and calculate standard 
deviations, the MD simulation of the 2-LPO ligand-protein 
complex was performed in triplicate using random seed. 
RMSD and RMSF graphs obtained from the random seed 
MD simulation analysis are given in Fig.  8 as combined. 
In addition, the average values of the RMSD and RMSF 
graphs obtained from the random seed MD simulations are 
given in Fig. 8, and the comparison of these values with the 
custom seed is given in Table 3.

and Arg-255 form hydrogen bonds with the ligand during 
the simulation. Asp-108 and Gln-105 exhibit stable hydro-
gen bond interactions, with their bonds lasting throughout 
most of the simulation. In contrast, His-109 forms hydrogen 
bonds for approximately 40% of the simulation, while Arg-
255’s interaction is more transient, occurring only between 
3 and 5% of the simulation time. This timeline highlights 
the varying stability of these interactions, with Asp-108 and 
Gln-105 playing more significant roles in stabilizing the 
ligand-protein complex compared to His-109 and Arg-255.

The molecular dynamics simulation rGyr, MoISA, SASA, 
and PSA values graphs are given in Fig. 7. As seen in Fig. 7, 
The RMSD fluctuates between 0.2 and 0.6 Å, indicating that 
the structure remains close to its initial conformation with-
out significant large-scale structural changes. The Radius of 
Gyration (rGyr) stays within a narrow range of 3.36–3.54 
Å, reflecting stable compactness and minimal overall shape 
changes. The intramolecular hydrogen bonds (intraHB) 
occur infrequently, with sporadic spikes, suggesting that 
internal hydrogen bonding is transient and not a primary 
stabilizing factor. The Molecular Surface Area (MoISA) 
remains relatively steady between 210 and 215 Å2, indicat-
ing constant surface exposure, while the Solvent-Accessible 

Fig. 7  Molecular dynamics simulation RMSD, rGyr, MoISA, SASA, and PSA values
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1.00 Å for both, and RMSD of Ligand fit on Ligand shows 
minimal deviation (0.20–0.30 Å). RMSF values for protein 
and ligand atoms are also consistent, with slight differences 
in ligand RMSF (random seeds: 0.55–1.10 Å, custom seed: 
0.60 Å), but overall, the results are closely aligned. This 
consistency demonstrates that the custom seed provides 
stable and reproducible results, similar to those from ran-
dom seeds.

Table  3; Fig.  8 compare the RMSD and RMSF values 
of protein and ligand atoms in the 2-LPO complex using 
random seeds and a custom seed. The results show that both 
the random seeds and the custom seed yield similar values, 
confirming the reliability of the simulation. For RMSD of 
Protein Cα atoms, the values range from 1.10 to 1.60 Å for 
random seeds, with an average of 1.30 Å, and 1.20 Å for 
the custom seed. RMSD of Ligand fit on Protein averages 

Fig. 8  In triplicate Random Seed (RS) MD simulation analysis of 
2-LPO complex. (a) RMSD of protein and ligand atoms for RS1, (b) 
RMSD of protein and ligand atoms for RS2, (c) RMSD of protein and 
ligand atoms for RS3, (d) RMSF of protein atoms for RS1, (e) RMSF 

of protein atoms for RS2, (f) RMSF of protein atoms for RS3, (g) 
RMSF of ligand atoms for RS1, (h) RMSF of ligand atoms for RS2 
and (i) RMSF of ligand atoms for RS3
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suggesting that the anthraquinone derivative forms a more 
stable interaction than sulfanilamide.

Figure 9e and f present the RMSF values for the protein 
and ligand atoms, with average values of 0.8 Å and 0.7 Å, 
respectively, indicating low flexibility of both the protein 
and ligand during the simulation, which is favorable for sta-
ble binding. Finally, Fig. 9g shows the fractional interaction 
histogram, highlighting the key amino acids involved in the 
interaction: Phe-113, Ala-114, and Glu-116. These residues 
play crucial roles in the binding and stabilization of sulfa-
nilamide in the active site. When comparing sulfanilamide 
to the 2-LPO complex, compound 2 show more stable and 
consistent binding interactions, indicated by lower RMSD 
values and more compact ligand positioning. While sulfanil-
amide forms strong interactions, particularly with residues 
Ala-114, Glu-116, and Phe-113, the anthraquinone deriva-
tives exhibit more pronounced stability, with a distinct and 
more consistent interaction profile with key amino acids.

Molecular Docking Validation

The co-crystal (pyrazine-2-carboxamide) ligand of lacto-
peroxidase (PDB ID: 3R4X) was re-docked at their actual 
crystal positions without changing their states or producing 
any conformers, thereby validating the molecular dock-
ing methods and protocols. The original crystallographic 
conformation was superimposed with the co-crystallized 
ligand’s docked pose, and the RMSD were found to be 
0.1491 Å. Docking validation images are given in (Fig. 10).

Conclusion

In this study, we aimed to explore the inhibition effects 
of various anthraquinone derivatives on lactoperoxidase 
(LPO) activity, not as a deliberate inhibitor of LPO but to 
understand their potential interaction with the enzyme. Our 
results indicate that anthraquinone derivatives, particularly 
compound 2 (1,2-dihydroxyanthraquinone), exhibit signifi-
cant inhibitory activity on LPO, with a low Ki value (0.561 
µM), suggesting strong binding affinity and potent in vitro 
inhibition. This compound also demonstrated favorable 
molecular docking scores (-7.110 kcal/mol) and stable MM-
GBSA ΔG binding energies (-41.96 kcal/mol), confirming 
its potential as the most effective inhibitor in this study.

The in vitro inhibition data showed that compounds 
1 (anthraquinone) and 2 were the most potent inhibitors, 
with IC50 values of 0.397 µM and 0.361 µM, respectively. 
These results were corroborated by molecular docking and 
dynamics simulations, which revealed that the anthraqui-
none derivatives form strong interactions with key amino 
acid residues in the LPO active site, particularly through π-π 

Comparison of Reference Inhibitor with 
Anthraquinone Derivatives

Figure  9 illustrates the molecular docking and molecular 
dynamics (MD) simulation analyses of sulfanilamide, a 
reference inhibitor, and its comparison with anthraquinone 
derivatives. Figure 9a illustrates the 2D LPI from molecu-
lar docking, where sulfanilamide’s amino group forms a 
hydrogen bond with Ala-114 and the HEM group, while 
the benzene ring engages in two π-π stacking interactions 
with HEM. These interactions demonstrate the key binding 
modes of sulfanilamide with the protein. Figure 9b shows 
the 3D representation of the molecular docking interactions, 
where yellow lines represent hydrogen bonds and turquoise 
lines depict π-π stacking interactions. Sulfanilamide is well-
positioned within the binding surface, indicating a stable 
binding pose within the active site.

Figure  9c provides the 2D key LPI from molecular 
dynamics simulations, showing that the sulfonamide amino 
group maintains a 97% hydrogen bond interaction with 
Ala-114, and the sulfonyl oxygen forms a 78% hydrogen 
bond with Glu-116. Additionally, Arg-255 contributes to 
13% of water-mediated hydrogen bonds. The phenyl ring 
exhibits 91% π-π stacking interaction with Phe-113, and 
29% π-cationic interaction with Arg-348. These results sug-
gest stable and significant interactions of sulfanilamide with 
key amino acids in the protein. In comparison, compound 
2 exhibits similar interactions, such as hydrogen bonds 
with Glu-116, Phe-113, and Arg-255, demonstrating that 
the anthraquinone derivatives interact with these residues 
similarly to sulfanilamide, reinforcing the relevance of these 
amino acids in the binding mode.

Figure  9d shows the RMSD values, with the average 
RMSD of protein Cα atoms being 1.0 Å (pale blue), and 
the average RMSD of the ligand at 1.8 Å (red), indicating 
slight fluctuations in the ligand position. The RMSD of 
ligand deviation from its initial position is 0.2 Å, indicating 
relatively stable binding for sulfanilamide. However, com-
pound 2 shows a lower RMSD and a more stable complex, 

Table 3  MD simulation custom and random seed average RMSD and 
RMSF values of protein and ligand atoms of 2-LPO complex

Ran-
dom 
Seed 
1

Ran-
dom 
Seed 
2

Ran-
dom 
Seed 
3

Aver-
age of 
Random 
Seeds

Cus-
tom 
Seed

RMSD of Protein Cα Atoms 1.20 1.60 1.10 1.30 1.20
RMSD of Ligand fit on 
Protein

1.70 1.25 0.75 1.00 1.00

RMSD of Ligand fit on 
Ligand

0.30 0.20 0.25 0.25 0.20

RMSF of Protein Cα Atoms 0.80 0.82 0.84 0.82 0.80
RMSF of Ligand Atoms 1.10 0.60 0.55 0.75 0.60
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derivatives and the LPO enzyme. The analysis of the frac-
tional interaction histogram highlighted key residues like 
Asp-108 and Gln-105, which had the most consistent inter-
actions with the ligand, further stabilizing the complex. The 
consistent values of Radius of Gyration (rGyr), Molecular 
Surface Area (MoISA), and Solvent-Accessible Surface 
Area (SASA) suggest that the ligand is well-equilibrated 
within the binding site, with minimal conformational 
changes during the simulation.

stacking and hydrogen bonding with residues like Arg-225, 
His-109, Asp-108, Gln-105, and Ala-114. These interac-
tions disrupt the enzyme’s catalytic activity, primarily by 
affecting the function of its heme group, which is crucial for 
its peroxidase activity.

The molecular dynamics simulations demonstrated 
that the ligand-protein complex remains stable over time, 
with minimal RMSD and RMSF fluctuations, indicating a 
well-formed and stable binding between the anthraquinone 

Fig. 9  Molecular docking and molecular dynamics analysis of ref-
erence inhibitor sulfanilamide. (a) molecular docking 2D LPI, (b) 
molecular docking 3D LPI, (c) MD simulation 2D key LPI, (d) RMSD 

values of ligand and protein atoms, (e) RMSF of protein Cα atoms, (f) 
RMSF of ligand atoms and (g) fractional interaction histogram
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current study.
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