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ARTICLE INFO ABSTRACT

Keywords: Hyperuricemia is a chronic disease closely associated with many pathological conditions, including cancer,
Xanthine oxidase which occur due to increased uric acid levels. Xanthine Oxidase (XO) facilitates the stepwise conversion of
Inhibition hypoxanthine to xanthine and subsequently to uric acid, serving a crucial function in purine metabolism. XO
2;?2?252?:? inhibitors are the most important therapeutic agents for the control of hyperuricemia. The fact that existing XO

inhibitors have serious side effects has made it necessary to describe original, impressive inhibitors with minor
side effects. In this study, since the close relationship between hyperuricemia and cancer, the inhibition effects of
some non-proteogenic amino acid derivatives (1-4) on XO activity and their cytotoxic effects on triple-negative
breast cancer cell line (MDA-MB-231) were examined together. The inhibition effects of molecules 1-4 on XO
activity were determined by ICsq values, and for XO, ICs values of 1-4 were found to be 1.338 pM, 1.357 uM,
1.788 uM, 1.228 pM respectively. The cytotoxic effect of the molecules (1-4) on MDA-MB-231 cell lines was
investigated by XTT analysis. According to the results obtained, it is seen that the effect of the 2nd (IC5(:98.55
uM) molecule is more toxic on the cells than the others and molecule 2 demonstrated significant inhibition of cell
migration in MDA-MB-231 cells in a compared to the untreated control. The study was supported by molecular
docking and molecular dynamics and ADME analyses. In conclusion, the results of this study may be useful in the
design of XO inhibitor drugs for the treatment of hyperuricemia by contributing to the synthesis of new, effective
amino acid-derived XO inhibitors with fewer side effects.

Molecular docking

1. Introduction disorders, highlighting its broad pathological significance. Elevated uric

acid levels can contribute to systemic inflammation and oxidative stress,

Hyperuricemia (HUA) is a chronic disease associated with increased
uric acid levels resulting from catabolic reactions of purine nucleotides.
HUA is clinically defined as serum uric acid (SUA) levels exceeding 420
pmol/L in men and 360 pmol/L in women [1]. HUA causes gout, an
inflammatory arthritis caused by the accumulation of uric acid crystals,
especially in the joints [2]. Moreover, HUA is linked to a wide range of
acute and chronic conditions, including coronary heart disease, tumor
lysis syndrome, and renal failure. It is also implicated in arterial hy-
pertension, hemospermia, and metabolic syndrome [3-5]. Additionally,
HUA contributes to circulatory shock, ischemia-reperfusion injury, and
vascular complications associated with diabetes. Furthermore, it plays a
role in cancer progression, adipogenesis [6,7], and other systemic
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which may cause damage to tissues. This heightened inflammation and
oxidative stress can diminish the protective antioxidant effects of uric
acid, potentially promoting tumor formation, growth, and metastasis.
High uric acid levels might significantly influence cancer progression by
mediating signaling pathways in adipose tissue, leukocytes, and cancer
cells, primarily through inflammatory mechanisms [8]. The prevalence
of HUA and HUA-related diseases has been increasing worldwide in
recent years [9]. Therefore, it is very important to identify effective
drugs for the treatment of HUA, and Xanthine Oxidase (XO) inhibitors
are molecules that are central to drug development studies for the
control of hyperuricemia [9]. XO is a crucial metalloenzyme that facil-
itates the oxidative hydroxylation of hypoxanthine to xanthine and then
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Fig. 1. Purine catabolism and uric acid genaration.

xanthine to uric acid during the final stages of purine metabolism [10]
(Fig. 1). As a result of this reaction catalyzed by XO, high amounts of
superoxide radicals and hydrogen peroxide (H2O2) are formed along
with the formation of uric acid. Excessive activity of XO not only causes
hyperuricemia, but also results in the formation of reactive oxygen
species such as superoxide radical and hydrogen peroxide. Therefore,
the XO enzyme is an important source of oxidative stress in the vascular
system [11,12]. This situation leads to many pathological conditions.
Disrupted XO activity triggers free radical-driven neurotoxicity, leading
to cellular damage and inflammatory responses. Research has estab-
lished a direct link between heightened XO activity and mental disorders
like schizophrenia and depression [13]. It has also been reported that the
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prevalence of Metabolic Syndrome (MS) is high in gout patients [14]. It
is known that circulating XO is also increased in hemolytic diseases such
as sickle cell, malaria and sepsis [15]. On the other hand, hyperuricemia
is associated with increased cancer incidence and cancer-related deaths
[16], and excess ROS produced as a result of the reaction catalyzed by
XO induces stages of tumor progression such as tumor cell proliferation,
angiogenesis, cell migration and incursion in the case of cancer, there-
fore XO inhibitors also are potential therapeutic agents for cancer
treatment [17].

Xanthine oxidase inhibitors reduce both uric acid levels and oxida-
tive stress in the vascular system [9]. Therefore, to date, A number of XO
inhibitors have been identified such as oxypurinol, febuxostat,
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Fig. 2. Chemical structure of the non-proteinogenic amino acid compounds (1, 2, 3 and 4) used in this study and structure of known XO inhibitors.
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allopurinol, topiroxostat [18], pegloticase, sulfinpyrazone, BCX4208,
probenecid, etc. for the treatment of hyperuricemia disorders [3,19,20].
Of these inhibitors, only allopurinol, which is a purine derivative, and
febuxostat and topiroxostat, which are not purine derivatives, are
approved for the treatment of hyperuricemia and gout [21]. Despite its
long-standing clinical use for over five decades in treating hyperurice-
mia and gout, allopurinol and its active metabolite, oxypurinol, are
linked to severe adverse effects, including skin rashes, hypersensitivity
reactions, gastrointestinal distress, nephrotoxicity, and eosinophilia
[21-24]. Additionally, febuxostat was determined to have higher car-
diovascular mortality than allopurinol and was required to receive a
black box warning label by the FDA in February 2019 [21,25,26].
Conversely, side effects such as liver dysfunction [27,28], gouty
arthritis, and skin rash [27] have been reported with topiroxostat. Due
to the serious side effects of XO inhibitors designated for the treatment of
hyperuricemia, treating hyperuricemia and gout without any adverse
effects is still a challenge for pharmaceutical industries. This has led to
the need to develop new non-purine derivative XO inhibitors that are
more forceful and have minor side effects for the treatment of hyper-
uricemia and gout [29].

Amino acid derivatives are widely used as enzyme inhibitors in the
field of medicinal chemistry and new drug discovery studies due to their
diversity of biological activities, ease of synthesis of side chains, and
chiral properties [30-34]. Peptides and proteins hold a pivotal role in
modern drug discovery for their facile synthesis, minimal toxicity, and
precise target selectivity. However, their therapeutic potential is con-
strained by objections such as low bioavailability and limited stability.
To overcome these impediments, non-proteogenic amino acids (NPAAs),
which are not encoded in the human genome, have become valuable
tools to enhance structural diversity and improve pharmacokinetics
[35]. In this study, the inhibitory effects of some non-proteinogenic
amino acid compounds (hippuric acid (1), N-(9-Fluorenylmethox-
ycarbonyl)-D-valine (2), N-Z-(1-Benzotriazolylcarbonyl) methylamine
(3), (S)-N-Z-1-Benzotriazolylcarbonyl-2-phenylethylamine (4)) (Fig. 2)
on XO activity were investigated. Allopurinol was used as the reference
inhibitor. Molecular docking and molecular dynamics simulation studies
were performed for these amino acid derivatives that have an inhibitory
effect on xanthine oxidase activity. In addition, the cytotoxic effect of
these non-proteogenic amino acid derivatives (1-4) on triple-negative
breast cancer cells line (MDA-MB-231) was investigated and ADME
analyzes of the molecules were performed. The MDA-MB-231 cell line,
originating from the pleural effusion of a patient with invasive ductal
carcinoma at MD Anderson, is a widely used model for advanced breast
cancer research [36]. Characterized by its high aggressiveness and
invasiveness, MDA-MB-231 is extensively studied in both in vitro and in
vivo settings, demonstrating only a moderate response to chemotherapy
[36,37].

2. Materials and method
2.1. Materials

All chemicals, amino acid compounds (For compound 1: CAS No.
495-69-2, purity: 98 %), for compound 2: CAS No. 84624-17-9, purity:
>98.0 %, for compound 3: CAS No. 173459-80-8, purity: >98 %, for
compound 4: CAS No. 769922-77-2, purity: 98 %), bovine milk xanthine
oxidase (CAS No. 9002-17-9) and allopurinol (CAS No.315-30-0, quality
level: 300) used in this research were commercially available from
Sigma-Aldrich Co. (Sigma-Aldrich Chemie GmbH, Germany). Spectro-
photometer (THERMO, GENESYS 10S UV-VIS) was used in inhibition
studies and ELISA Reader (BIOTEK, USA) was used in cytotoxicity
studies.

2.2. Inhibition studies on XO

Xanthine oxidase activity was assessed using a method adapted from
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Massey et al. [38]. The reaction tracked xanthine oxidation to uric acid
by measuring absorbance increase at 295 nm within a 1 mL assay
mixture containing 50 mM Tris-HCl buffer (pH 7.6) and 0.1 mM
xanthine, equilibrated with air at 25 °C. The extinction coefficient dif-
ference between xanthine and uric acid at 295 nm was set at 9.6 x 10°
Ml.cm™'. Enzyme activity was quantified in micromoles of xanthine
converted to uric acid per minute. The inhibitory effects of 1, 2, 3, 4
compounds and allopurinol on xanthine oxidase activity were deter-
mined by measuring at least five different concentrations of these
compounds (For compound 1: 0.160 pM, 0.961 uM, 1.602 uM, 1.923 uM,
2.243 uM, for compound 2: 0.0736 uM, 0.736 uM, 1.104 uM, 1.472 uM,
1.656 M, for compound 3: 0.451 uM, 1.353 uM, 1.804 uM, 2.029 pM,
2.255 pM, for compound 4: 0.212 pM, 0.424 uM, 0.848 uM, 1.272 uM,
1.696 uM, for allopurinol: 0.404 uM, 0.606 uM, 1.616 uM, 2.424 uM,
2.828 uM. These five different concentrations were determined by pre-
liminary experiments with concentration scans. Measurements at each
concentration were repeated three times. As a result of each measure-
ment, the enzyme unit was calculated. Enzyme activity without inhibi-
tor was used as a control and %Activity was accepted as 100. Then,
enzyme units with inhibitors were calculated for each compound and %
Activity values were determined from there. Inhibitor concentrations
versus %Activity were graphed, and from these graphs, the inhibitor
concentrations that halved the control activity of the enzyme, that is,
ICsq values, were determined. The same procedures were performed for
the reference inhibitor Allopurinol.

2.3. Preperation of cell culture

MDA-MB-231 triple-negative breast cancer cells and MCF-10A
normal breast epithelial cells utilized in this study were obtained from
the American Type Culture Collection (ATCC). The cancer cells were
maintained in RPMI 1640 medium, enriched with 10 % fetal bovine
serum and gentamycin antibiotics, under a humidified 5 % CO:2 atmo-
sphere at 37 °C. MCF-10A cells were cultured in DMEM/F-12 medium
supplemented with 5 % (v/v) horse serum, 10 ug/mL human insulin, 20
ng/mL hEGF, 100 ng/mL cholera toxin, and 0.5 pg/mL hydrocortisone.

2.4. Cytotoxicity analysis on MDA-MB-231 and MCF-10A cell line

Cytotoxicity analysis was performed on the MDA-MB-231 and MCF-
10A cell line to determine the cytotoxic effect of the 1-4 molecules. The
different doses were calculated for the molecules (1-4) were adminis-
tered to the cells in a well plate in serial dilutions starting from 1000 puM.
In all examples, the highest dose was applied to the cells as 1000 uM in
the first stage of the study. In the optimization studies, it was determined
as 1000 uM in molecules 1 and 3, and 500 pM in molecules 2 and 4. XTT
(2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carbox-
anilide) is a tetrazolium-based compound used for the colorimetric
detection of viable mammalian cells. Following the manufacturer’s in-
structions, 50 pL of XTT solution was added to each well and incubated
for 4 h at 37 °C. The absorbance was then measured using an ELISA
reader (BIOTEK, USA). XTT assay was repeated three times.

2.5. Wound healing assay

The analyses were carried out to determine metastatic ability [39].
Approximately 2 x 10° cells were added to each well in a 12-well plate.
After one day, the cells covered 80 % of the well bottom. A vertical
wound was quickly created in the monolayer using a 10 uL pipette tip.
The cells were then washed with 1 mL of PBS to remove dead cells,
followed by the addition of fresh medium and the molecules (1-4).
Photographs were taken at 24-48 h to assess whether the molecules
affected cell migration. Wound Healing assay was repeated three times.
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Fig. 3. The %Activity/ [Inhibitor concentration] graphs of the non-proteogenic amino acid derivatives (1-4) and allopurinol on XO activity.

2.6. ADME and druglikeness analyses

ADME and druglikeness analyses of the molecules were performed
using the PKCSM (https://biosig.lab.ug.edu.au/pkesm/) and Swis-
SADME (https://www.swissadme.ch/) databases.

2.7. Molecular docking studies

Molecular docking evaluations were conducted to explore the in-
teractions between non-proteinogenic amino acid compounds (1, 2, 3,
4) and XO using Induced-Fit Docking (IFD) simulations [40], as outlined
in our previous work [41-45]. These simulations were carried out with
Maestro 13.9, part of the Schrodinger Molecular Modeling Suite [46].
The XO crystal structure (PDB ID 3NVY) was retrieved from the RCSB
Protein Data Bank, and the receptor was generated at physiological pH
using the Protein Preparation Wizard [47], followed by optimization
and minimization with force field the OPLS4. The receptor grid was
created around the natural ligand to establish the binding site, while the
LigPrep module was employed to protonate the ligands at a pH of 7.0 +
2.0, ensuring their ionization states were optimized for biological
relevance.

2.8. Binding free energy calculation via Molecular Mechanics/
Generalized Born Surface Area (MM-GBSA)

The binding free energies (AGping) were computed using the MM-
GBSA (Molecular Mechanics/Generalized Born Surface Area)
approach, a technique that combines molecular mechanics force fields

with implicit solvation models to provide an efficient and accurate
estimation of the binding affinities for protein-ligand complexes. Spe-
cifically, the Prime/MM-GBSA protocol was applied, leveraging the
VSGB (Variable Dielectric Generalized Born) solvation model to account
for solvent effects and the OPLS4 (Optimized Potentials for Liquid
Simulations 4) force field to describe molecular interactions, as refer-
enced in [48]. This approach enables a robust evaluation of binding
energetics while balancing computational efficiency and accuracy.

2.9. Molecular dynamics simulations

Molecular dynamics simulations were executed with Desmond soft-
ware, developed by D.E. Shaw Research, to study the behavior of the
protein-ligand complex. Based on the molecular docking results, the
compound with the highest binding affinity to the XO enzyme was
selected and then incorporated into the enzyme structure. The protein-
ligand complex was constructed using the system builder module in
Desmond, which enabled the precise assembly and central positioning of
the complex within an orthorhombic simulation box. To ensure suffi-
cient solvation space, a 10 A buffer zone was established around the
protein. The system was then solvated using the Tip3p water model to
replicate a realistic aqueous environment, and counter ions (NaCl at a
concentration of 0.15 M) were incorporated to neutralize the system and
approximate physiological ionic conditions. This configuration resulted
in a fully solvated and charge-neutralized environment, ideal for con-
ducting molecular dynamics simulations. The system was subjected to
energy minimization using the OPLS4 force field to optimize the atomic
coordinates and eliminate steric clashes. Following this, the complex
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was imported into the Desmond molecular dynamics module, where a
250 ns simulation was performed under isothermal-isobaric conditions,
maintaining a constant temperature of 300 K and a pressure of 1 bar,
utilizing default simulation parameters to ensure consistency and
reproducibility. The simulation was carried out with a time step of 2.5 fs,
using the RESPA integrator for efficient time-stepping in the system.
Detailed analysis was performed to assess the interactions between the
ligand and the protein throughout the binding process, including the
stability and nature of the ligand-protein complex. Additionally, the
RMSD (Root Mean Square Deviation) of the protein’s Ca atoms and the
heavy atoms of the ligand were computed to track structural fluctuations
and conformational changes over time. These measurements, obtained
using Desmond, provided insights into the stability of both the protein
and ligand during the simulation and their dynamic behavior within the
complex.

2.10. Statistics analyses

BM SPSS 29 program was used for statistical analysis. The control
group and other treated groups were analyzed. Nonparametric "Mann
Whitney U" test was used and P<0.05 were considered statistically
significant.

3. Results and discussion

Hyperuricemia is an important topic in medical science today. XO
inhibitors are the primary target in drug design studies for the treatment
of hyperuricemia-related disorders, especially gout [49,50]. Amino acid
derivatives are one of the important compound groups that attract
attention in prodrug development studies as enzyme inhibitors in the
field of medicinal chemistry due to their important chemical properties
[30-34]. In the present study, given the therapeutic significance of both
XO inhibitors and amino acid derivatives, the inhibition effects of some
non-proteonegenic amino acid derivatives on XO activity were exam-
ined. Inhibition studies were supported by molecular docking and mo-
lecular dynamics studies. Many studies indicate that there is a close
relationship between cancer and hyperuricemia. For this reason, in this
study, the cytotoxic effects of non-proteogenic amino acid derivatives,
whose inhibition effect on XO activity was investigated, on
triple-negative breast cancer cell lines (MDA-MB-231) were also inves-
tigated. Additionally, ADME analyzes of the molecules were also
performed.

3.1. Inhibition effects of non-proteonegenic amino acid derivatives (1, 2,
3 and 4) on XO

The inhibitory effects of non-proteonegenic amino acid derivatives
(1, 2, 3 and 4) on XO activity was quantitatively assessed by calculating
their ICso values, which represent the concentration of each inhibitor
required to reduce the enzymatic activity by 50 %. While determining
the ICsq values showing the inhibitory effects of 1, 2, 3, 4 compounds
and allopurinol on XO activity, activity measurements were performed
by adding at least five different concentrations of 1, 2, 3, 4 compounds
and allopurinol to the reaction medium in XO activity measurement. The
measurement without inhibitor was used as a control. All measurements
were repeated three times under the same conditions. As a result of the
measurements, Activity% versus inhibitor concentration graphs were
drawn and ICsy values were determined using the equations of these
graphs. For XO, ICs( values of molecules 1-4 were found to be 1.338 uM,
1.357 uM, 1.788 uM, 1.228 uM, respectively. Allopurinol was used as the
reference inhibitor for XO (ICsp: 1.479 uM). Low ICsq value indicates a
strong inhibitory effect. Based on the experimental findings, compound
4 exhibited the most persuasive inhibitory activity contra xanthine ox-
idase (XO), exhibiting the highest efficacy in suppressing enzymatic
activity compared to the other tested compounds. When the inhibition
results were matched with allopurinol, molecules 1, 2 and 4 showed a
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Table 1
Inhibition results of non-proteogenic amino acid
derivatives (1-4) on XO activity.

Compounds ICso

1 1.338 uM
2 1.357 uM
3 1.788 uM
4 1.228 yM
Allopurinol*® 1.479 yM

* Allopurinol was used as reference inhibitor for
X0

Table 2
IFD docking scores and Prime/MM-GBSA free binding energy results for the 1-4
compounds against the target receptor.

X0
Compound IFD Docking Score MM-GBSA
(kcal/mol) AGpjng (kcal/mol)
1 -10.687 -36.00
2 -14.983 -60.27
3 -10.089 -79.90
4 -10.674 -69.96
Allopurinol* -7.464 -17.55

* Allopurinol was used as reference inhibitor for XO

more effective inhibition effect than allopurinol, while the inhibition
effect of molecule 3 was lower than allopurinol. The %Activity/[inhib-
itor concentration] graphs of the molecules (1-4) are shown in Fig. 3 and
the inhibition results are summarized in Table 1.

3.2. Molecular docking studies

We utilized the Induced-Fit Docking (IFD) procedure to management
comprehensive molecular docking studies with 1-4 compounds to
elucidate the protein-ligand interactions. These compounds, known for
their potent inhibitory effects on the XO, were subjected to the IFD
protocol. Allopurinol, a well-established XO enzyme inhibitor, served as
the positive control. Furthermore, we employed Prime MM-GBSA
module to gage the binding free energies, thereby gaining a deeper
understanding of the thermodynamic parameters involved in the inhi-
bition of XO by the 1-4 compounds. Table 2 provides a summary of the
IFD docking scores and Prime/MM-GBSA values.

Molecular docking studies on the 1-4 compounds, which exhibited
potent inhibitory effects against the XO enzyme in experimental in vitro
assays, revealed substantially high docking scores and MM/GBSA free
binding energies. In contrast, in silico studies for Allopurinol, the positive
control, did not align with the experimental findings. This discrepancy is
likely due to the relatively small chemical structure of Allopurinol,
resulting in limited interaction with the enzyme’s active site. Docking
scores can vary significantly depending on the software, crystal struc-
ture, and docking protocol used. So, a wide range of docking scores for
Allopurinol against the XO enzyme has been reported in the literature.
For instance, in a study by Ghallab et al. using the Extra Precision (XP)
protocol with the XO crystal structure 3NVY, the docking score for
Allopurinol was reported as -4.975 kcal/mol [51]. Kikiowo et al. re-
ported a docking score of -9.003 kcal/mol using the Induced-Fit Docking
(IFD) protocol with the XO crystal structure 1FIQ [52]. Malik et al. found
a docking score of -3.366 kcal/mol using the XP protocol with the XO
crystal structure 2E1Q [53], while Nguyen et al. reported a docking
score of -5.9 kcal/mol using the XP protocol with the XO crystal struc-
ture 1N5X [54]. Although it is challenging to make a direct comparison
across these studies due to differences in methodology, our results align
most closely with those of Kikiowo et al. [52], whose study employed a
similar protocol to ours.

Although the ICs¢ values for the molecules examined for in vitro
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inhibition of the XO enzyme did not show significant differences, the
compound 4 exhibited the strongest effect. Molecular docking studies
supported this experimental data consistently. Both the docking score
and the free binding energy of 4 were notably high. IFD simulations
showed a striking docking score of -10.674 kcal/mol against the XO
enzyme, reflecting a strong and favorable binding interaction between
compound 4 and the enzyme. The subsequent MM-GBSA analysis
calculated a free binding energy of -69.96 kcal/mol, further empha-
sizing the stability and strength of the interaction between compound 4
and XO (Table 2). Within the active site of the XO, compound 4 formed
key hydrogen bonds with GLH802 and SER876, crucial residues that
contribute to the enzyme’s binding pocket. Additionally, compound 4
hooked in dual pi-pi stacking coactions with the aromatic residues
PHE914 and PHE1009, which are vital to the structural integrity and
catalytic activity of the active site. These interactions suggest a highly
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stable and specific binding of compound 4 to XO, which is likely to play
a significant role in modulating its enzymatic function (Fig. S1).
Although compound 4 exhibited the lowest experimental inhibitory ef-
fect, it did not demonstrate the most affirmative activity in terms of
docking scores and binding energies. In silico data are typically used to
validate experimental findings and predict inhibition mechanisms
within the context of inhibition studies. Therefore, the high docking
score and favorable binding energy of compound 4 are largely consistent
with our experimental results.

Molecular docking studies on 1, which demonstrated a potent
experimental inhibition effect against the XO enzyme, further validated
the experimental results. IFD simulations resulted a high docking score
of -10.687 kcal/mol for the XO enzyme, indicating strong binding af-
finity. Additionally, MM/GBSA evaluations revealed a estimated bind-
ing free energy of -36.00 kcal/mol between 1 and the XO enzyme
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3D structures of molecules 1-4, ICso values of molecules 1-4 on MDA-MB-231 cell line and XTT assay well images of the molecules 1-4.

Molecules 3D structures of molecules ICso value XTT assay
(nM)
1 ) 101.19
) gv ‘ 98.55
3 17
4 125

(Table 2). 1 formed dual hydrogen bonds with the THR1010 residue and
engaged in a salt bridge interaction with ARG880 in the active site of the
XO enzyme (Fig. S2).

For the compound 2, which exhibited a curiously potent inhibitory
effect on the XO enzyme, computational studies further confirmed the
empirical results. IFD simulations yielded exceptionally high docking
scores of -14.983 kcal/mol for the XO, demonstrating a highly favorable
and strong binding affinity between compound 2 and the enzyme.
Following this, MM/GBSA evaluations provided computed binding free
energies of -60.27 kcal/mol, further reinforcing the significant and
stable interactions between compound 2 and XO (Table 2). This com-
bination of results indicates a robust and energetically favorable binding
interaction, suggesting that compound 2 forms a highly stable complex
with the XO enzyme. 2 engaged in pi-pi interaction with PHE649, and
constructed a hydrogen bond with THR1010, as well as a salt bridge
with ARG880 within active site of the XO enzyme (Fig. 4).

Among the compounds studied for their inhibitory effects on XO
enzymes 3 showed the lowest effect, even lower than the positive control
compound Allopurinol. It was determined to have the lowest docking
score in molecular docking studies. However, The MM-GBSA free
binding energy for this compound deviated from experimental data,
indicating discrepancies in computational predictions. IFD simulations
resulted a docking score of -10.089 kcal/mol for the XO, while MM-
GBSA analysis estimated a binding free energy of -79.90 kcal/mol
(Table 2). Compound 3 formed hydrogen bonds with GLH802, ARG880,
GLU1261, and THR1010, stabilizing its interaction within the binding
pocket. Additionally, pi-pi stacking with PHE914 and PHE1009

reinforced its positioning in the active site (Fig. S3), highlighting key
molecular interactions influencing its binding affinity.

Non-proteoneogenic amino acid derivatives and allopurinol showed
very similar inhibitory activity in experimental studies, primarily
interact with common residues in the active site of the XO enzyme. The
standard inhibitor allopurinol interacted with GLH802, ARG880,
SER876, and PHE914 amino acid residues in the active site of the XO
enzyme (Fig. S4). All of the non-proteoneogenic amino acid derivatives
were observed to interact with at least one of these amino acid residues
(The most active compound, compound 4, interacted with amino acids
GLH802, SER876, and PHE914 in common with allopurinol). Therefore,
it can be concluded that the GLH802, ARG880, SER876, and PHE914
amino acid residues play a key role in the inhibition of the XO enzyme.

While the carboxylic acid group of these derivatives consistently
interacts with residues in the enzyme’s active site, other functional
groups within the compounds also participate in additional interactions,
particularly pi-pi interactions. This complexity makes it challenging to
establish a direct correlation between the structural features of these
compounds and their docking activities.

3.3. Molecular dynamics studies

Although docking offers a fixed depiction of a molecule’s binding
orientation within a protein’s active site, molecular dynamics (MD)
simulations offer a dynamic perspective by calculating the movements
of atoms over time using Newton’s classical equations of motion [55].
To investigate the structural stability of the ligand/protein complex and
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MM/GBSA binding free energy results. Fig. 5 depicts the outcomes of the
MD simulation for the complex formed between the compound 2 and the
XO enzyme.

Fig. 5A highlights critical ligand-protein contacts, where key resi-
dues such as ARG880, THR1010, and SER876 form predominant polar
and charged interactions, contributing significantly to the binding sta-
bility. ARG880 stands out with its high interaction frequency (145 %),
indicative of its strong electrostatic and hydrogen-bonding contributions
to anchoring the ligand. Meanwhile, THR1010 (75 %) and SER876 (35
%) complement these interactions, reinforcing the ligand’s orientation
and reducing its degrees of freedom. The hydrophobic residues,
including LEU1014 and PRO1076, further stabilize the ligand within the
hydrophobic regions of the binding pocket, ensuring tight packing and
reducing solvent exposure.

The RMSD analysis in Fig. 5B demonstrates the overall stability of the
protein-ligand complex throughout the 250 ns simulation. The protein’s
Co RMSD stabilizes around 2.5-3.0 A after initial fluctuations, indi-
cating that the global structure remains consistent, with no significant
conformational deviations. The ligand’s RMSD remains relatively low,
below 1.5 A, which strongly suggests that the ligand maintains a stable
binding pose within the pocket throughout the simulation. The tight
ligand RMSD reflects its resilience against external perturbations and
reinforces the hypothesis of strong binding affinity.

Fig. 5C quantifies the frequency of interactions for residues involved
in ligand binding. ARG880 emerges as the dominant interacting residue,
highlighting its central role in stabilizing the ligand. Other residues such
as THR1010, SER876, and GLU879 contribute moderately, forming
transient but supportive interactions that enhance the dynamic stability
of the complex. This synergy between highly frequent and transient
interactions demonstrates a robust binding mechanism, where both
persistent and flexible interactions cooperate to stabilize the ligand.

The RMSF plot in Fig. 5D further elucidates the protein’s dynamic
behavior. Residues in the binding site exhibit minimal fluctuations,
confirming their structural rigidity, which is critical for maintaining a
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Fig. 7. The cytototoxicity analyses graphs of MDA-MB-231 and MCF-10A cells.

IC5q value (uM)

4

stable ligand-binding environment. In contrast, residues in solvent-
exposed regions (e.g., 500-700) display higher flexibility, as expected
for loop regions and peripheral domains. The rigidity of the binding site,
combined with the flexibility of non-essential regions, supports the
protein’s ability to securely bind the ligand while maintaining overall
conformational adaptability.

In conclusion, the molecular dynamics simulations reveal that the
compound 2 forms a highly stable complex with xanthine oxidase,
driven by strong polar and hydrophobic interactions with critical resi-
dues such as ARG880, THR1010, and SER876. The ligand demonstrates
minimal deviation from its binding pose, reflecting strong affinity and
stable engagement with the enzyme.

3.4. Cytotoxic effect of non-proteonegenic amino acid derivatives (1, 2, 3
and 4) on MDA-MB-231 and MCF-10A cell lines

3D structures, ICso values and XTT assay well images of the mole-
cules are given in Table 3. The ICso values of the molecules in the
cytotoxicity tests were determined as 101.19 uM, 98.55 pM, 177 pM and
125 puM for molecules 1-4, respectively. According to the results ob-
tained, it is seen that the effect of the 2nd molecule is more toxic on the
cells than the others (Fig. 6). In this study, the toxic effects of non-
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Fig. 8. Wound healing assay: application of control, 1st molecule, 2nd molecule, 3rd molecule, 4th moelcule in MDA-MB-231 cell lines (10X) (48 h) (* p < 0.05).

proteogenic amino acid derivatives (1, 2, 3, and 4) were evaluated for
cytotoxicity on the non-cancerous cell line MCF-10A. The results showed
that the ICsg values of these compounds ranged from 250 to 340 uM,
respectively. Statistical analysis of the results is presented in Fig. 7. The
ICs value for these molecules on MCF-10A cells was found to be greater
than 250 pM, indicating low toxicity, while the dose required to kill 50
% of cancer cells was lower. Yuan et al. (2018) studied the toxic impact
of non-protein amino acid derivatives on colon and gastric cancer cells.
They synthesized 13 derivatives of 25-OCH3-PPD (compounds 1-13)
and 12 derivatives of 25-OH-PPD (compounds 14-25) and evaluated
their effects on HCT-116 and BGC-823 cancer cell lines using an MTT
assay [56]. Their results showed that derivatives with ICso values
greater than 100 pM on cancer cells had little to no effect or demon-
strated weak activity. Similarly, Rupar et al. (2020) investigated the
effects of new 9-acridinyl amino acid derivatives on K562 and A549
cancer cell lines, as well as the normal diploid MRC5 cell line, and
provided a comparative analysis of the toxic effects on these cells [57].
From the current study, we can conclude that molecule 2 demonstrates
the best anti-tumor activity among the derivatives tested.

As shown in Fig. 8, cells treated with molecules were compared with
untreated cells (control group). In Fig. 8, no molecule was treated to the
cells (control group). The level of closure of the wound formed in the
control group at 48 h was examined. It is seen that the wound is about to
close at 48 h. Fig. 8 shows the cells to which molecules (1-4) were
treated. At this stage, cell seeding and penetration were performed and
molecules 1-4 were applied to the wound at the ICs dose determined for
each molecule by cytotoxicity analysis. Then the cells were photo-
graphed. According to the results obtained, it was observed that espe-
cially molecule 2 significantly inhibited cell migration in MDA-MB-231
cells compared to the untreated control (Fig. 8).

3.5. ADMET properties of non-proteonegenic amino acid derivatives (1,
2,3 and 4)

An evaluation of the drug-likeness and ADMET properties of the
molecules (1-4) was conducted to determine their suitability for oral use
and pharmacological applications (Figs. S5-S8) [58-61].

Lipinski’s Rule of Five (RO5), along with Egan’s, Ghose’s, Veber’s,
and Muegge’s rules, serve as critical frameworks in drug discovery,
assessing the drug-likeness of novel compounds based on

physicochemical properties such as molecular weight, lipophilicity, and
hydrogen bonding [58]. Evaluating drug-likeness is crucial in
early-stage drug development, and the SwissADME tool (http://www.
swissadme.ch/) was employed to determine the oral bioavailability of
the selected compounds.

According to RO5, a compound is considered drug-like if it meets the
following criteria: no more than 10 hydrogen bond acceptors (HBAs), no
more than 5 hydrogen bond donors (HBDs), molecular weight (MW) <
500 Da, and a log P value of < 5, with only one deviation permitted [62].
All examined compounds adhered to these criteria. To further assess
their absorption efficiency in the human body, a Bioavailability Radar
was used [55,63]. As depicted in Fig. 9, this analysis visually represents
bioavailability parameters, where the pink region denotes the optimal
range [64,65]. Notably, only the second molecule entirely falls within
this region, suggesting its bioavailability properties align well with
drug-like characteristics, enhancing its potential for efficient absorption
[66].

Table 4 confirms that all selected compounds comply with Lipinski’s,
Ghose’s, and Veber’s rules, reinforcing their suitability as drug candi-
dates. However, Molecule 1 violated Muegge’s rule due to its molecular
weight falling below the acceptable threshold (MW < 200), whereas
Muegge’s filter stipulates a range of 200 < MW < 600 [67]. The eval-
uation further demonstrated that molecules 1-4 met essential
drug-likeness parameters, reinforcing their potential as viable drug
candidates. Their bioavailability score of 0.55 further suggests they
exhibit favorable bioavailability.

To refine their pharmacokinetic profiles, additional screening was
conducted, including PAINS (Pan Assay Interference Compounds) alerts
and synthetic accessibility (SA) evaluation. None of the molecules trig-
gered PAINS alerts, confirming their potential as viable drug leads. Their
synthetic accessibility scores were recorded as 3.57, 2.75, and 3.64 for
molecules 2, 3, and 4, respectively (Table 4), indicating moderate syn-
thetic feasibility.

ADMET predictions encompassed P-glycoprotein substrate status,
human intestinal absorption (HIA), CNS distribution, blood-brain bar-
rier (BBB) permeability, interactions with cytochrome P450 enzymes
(CYP), AMES toxicity, total clearance, and hERG inhibition. The HIA
values, ranging from 92 % to 95 %, suggest strong absorption potential
through the intestinal membrane, whereas compounds with HIA values
below 30 % are considered poorly absorbed. Molecules 2, 3, and 4
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Table 4
Evaluation of drug-likeness of molecules (1-4) (http://www.swissadme.ch/index.php#).
Molecules Lipinski’s Parameters *
MW(<500Da) MlogP(<5) HBA(L10) HBD(<5) Ghose Veber Egan Muegge B/A score PAINS SA
1 179.17 g/mol 0.84 3 2 Yes Yes Yes No 0.85 0 1
(1 violation MW<200)
2 369.37 g/mol 1.90 6 3 Yes Yes Yes Yes 0.56 0 3.57
3 310.31 g/mol 2.24 5 1 Yes Yes Yes Yes 0.55 0 2.75
4 400.43g/mol 3.62 5 1 Yes Yes Yes Yes 0.55 0 3.64

" MW: molecular weight; HBA: hydrogen bond acceptor; HBD: hydrogen bond donor; B/A: bioavailability score; SA: synthetic accessibility; PAINS: Pan Assay
Interference Compounds

displayed HIA values above 92 %, highlighting their favorable absorp- new XO inhibitors important. In this study, considering the close rela-
tion profiles. Toxicity assessments further confirmed that none of the tionship between hyperuricemia and cancer, the inhibition effects of 1-4
molecules exhibited skin sensitization or hERG I inhibition, reinforcing non-proteogenic amino acid derivatives on XO activity and their cyto-
their safety profile. toxic effects on breast cancer were examined together. The study was
supported by molecular docking and molecular dynamics and ADME

4. Conclusion analyses. When the inhibition effects of amino acids 1-4 on XO activity
were compared with the reference inhibitor of XO, allopurinol, it was

The fact that hireuricemia is closely associated with many patho- seen that molecules 1, 2 and 3 exhibited better inhibition effects than
logical conditions, including cancer, especially gout, that XO inhibitors alloprinol, and molecules 4 had an inhibition effect close to allopurinol.
are central to the control of hyperuricemia, and that existing XO in- When looking at the cytotoxic effect of the molecules on MDA-MB-231
hibitors have life-threatening side effects, makes the issue of identifying cell lines, it was observed that all molecules 1-4 had a cytotoxic effect
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on MDA-MB-231 cell lines and the 2nd molecule showed a stronger toxic
effect than the other molecules. In conclusion, we hope that the data
obtained in this study will contribute to the synthesis of new, effective
and fewer side effects amino acid-derived XO inhibitors in the design of
XO inhibitor drugs for the treatment of hyperuricemia.
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