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source are credited. Pyridoxal kinase (PDXK) plays a pivotal role as an essential enzyme in cellular processes. It catalyzes the
phosphorylation of pyridoxal, pyridoxamine, and pyridoxine to generate pyridoxal 5-phosphate (PLP), the
bioactive form of vitamin B6. An intriguing link has emerged between elevated expression levels of PDXK
and PLP and various types of carcinomas, including leukemia. Leukemic cells have an increased need for
vitamin B6 to sustain their survival and rapid growth, highlighting the potential of targeting PDXK-PLP as a
promising therapeutic target in cancer treatment. To discover a novel and promising PDXK inhibitor, we
conducted a comprehensive screening of compounds derived from both natural sources and drug-like
databases. Our approach involved employing structure-based virtual screening and molecular docking
techniques to attenuate the phosphorylation of PLP. Among the top six compounds, ZINC095099376
(referred to as C03) emerged as the most potent inhibitor of PDXK, primarily due to its exceptional binding
affinity and remarkable specificity for the target protein. Furthermore, our investigation revealed that
compound CO3 establishes crucial interactions with key residues within the substrate binding site, indicating
that it binds at the same site as the co-crystallized ligand. Remarkably, compound CO03 inhibited the
endogenous PDXK expression, showed anti-proliferative activity, and triggered an intrinsic pathway for
apoptosis via the activation of key apoptotic factors in leukemic cells. In summary, these findings strongly
indicate that compound C03 holds promise as a novel inhibitor of PDXK, offering the potential for the
development of effective treatments for leukemia.
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Introduction

Leukemia is a type of cancer that originates from blood cells, specifically from cells that would typically
grow into various kinds of blood cells. White blood cells usually develop leukemia in the early stages, but
other types of blood cells can also be affected. The disease is categorized into different forms based on its
progression rate, such as acute (fast-developing) or chronic (slow-developing), as well as whether it
originates from myeloid or lymphoid cells [1]. According to the World Cancer Statistics Report for 2020,
leukemia is the fifteenth and eleventh most frequent cause of cancer incidence and cancer-related
mortality, accounting for 474,519 incidences and 311,594 deaths, respectively [2]. The majority of cancer
cells exhibit metabolic changes linked to tumorigenesis, though it is unclear whether these changes are the
source or an effect of cancer phenotypes [3,4].

Living beings are composed of a variety of cells that carry out various metabolic processes to ensure the
survival of an organism. The metabolic processes are performed by different enzymes that catalyze the
various reactions. These enzymes are function-specific and are proteinaceous in nature. These proteins are
produced with the help of the translation of different enzyme-coding genes. One such enzyme is pyridoxal
kinase, a vital enzyme in humans encoded by the PDXK gene [5], which is responsible for catalyzing the
reaction involving the phosphorylation of pyridoxine (vitamin B6), which leads to the formation of
pyridoxine 5’-phosphate [6].

ATP + pyridoxine = ADP + H+ + pyridoxine 5-phosphate

The enzyme is named after its physiological function, which involves the phosphorylation of pyridoxine. It
belongs to the transferases family of enzymes utilizing the alcohol group as an acceptor. The enzyme plays a
major role in the synthesis of pyridoxal 5’-phosphate (PLP), pyridoxine 5-phosphate (PNP), and
pyridoxamine 5’-phosphate (PMP) from the dietary vitamin B6 vitamers pyridoxal (PL), pyridoxine (PN), and
pyridoxamine (PM). PLP is the active coenzyme form of vitamin B6 that acts as a vital cofactor in over 140
enzymatic reactions. These reactions involve the biosynthesis and catabolism of amino acids and nucleic
acids, as well as the regulation of glucose, sphingolipid, and fatty acid metabolism [7,8]. The protein resides
in the cytoplasm and functions as a homodimer. Additionally, multiple alternatively spliced variants of it
have been identified that also have a biological significance [9]. Lainé-Cessac P, Cailleux A, and

Allain P reported the mechanisms behind the inhibition of pyridoxal kinase by several drugs [10]. A report
published in 2006 by Martin K. Safo and colleagues presented the crystal structure of PdxY, which is a
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protein in Escherichia coli that is homologous to PDXK [11]. At the same time, researchers also determined
the three-dimensional structures of sheep brain PDXK both alone and in combination with different
ligands such as PDXK/ATP, PDXK/AMP-PCP/pyridoxamine, PDXK/ADP/PLP, and PDXK/ADP. These findings
have enhanced our knowledge of PDXK’s catalytic mechanism [12,13].

As vitamin B6 may increase cancer risk rather than having a chemopreventive effect, recent studies have
suggested that vitamin B6 metabolism significantly contributes to cancer cell proliferation [14]. However, it
is difficult to infer metabolic dependencies from genomic analysis alone, so a CRISPR/Cas9 functional
genomic screen was performed by Chen et al., revealing that PDXK and the vitamin B6 pathway are
selectively dependent in acute myeloid leukemia [15]. Leukemic cells require PDXK kinase activity and
vitamin B6 for proliferation while disrupting PLP-dependent metabolism results in decreased levels of
nucleotide and polyamine. As leukemic cells heavily rely on the vitamin B6-dependent metabolism for
multiple pathways essential for survival, blocking either the PDXK or PLP level has shown antileukemic
effects. Therefore, it is possible that vitamin B6 pathway inhibitors might be promising antileukemia drugs
by simultaneously inhibiting these pathways [16].

Since most inhibitors bind to the ATP-binding sites of kinases and other cellular enzymes, the development
of therapeutic drugs that target PDXK is a challenging task. In order to interrupt PDXK's interactions with
PLP specifically, we developed selective and less toxic potential inhibitors that could specifically bind to the
regions overlapping with PDXK’s ATP-binding sites. By screening a large number of compounds using
structure-based virtual screening, researchers can identify lead compounds that have a high probability of
binding to the target protein and can be further developed into potential drug candidates. Therefore, the
current study aimed to identify potential inhibitors of PDXK through a high-throughput structure-based
virtual screening and molecular docking approach. The novel lead compounds were evaluated and selected
by their docking scores and binding affinity, followed by testing on leukemic cell lines in vitro. To assess the
efficacy of the compounds, cytotoxicity assays, cell cycle analysis, and Western blotting were

performed while gRTPCR was done to assess the apoptotic mechanism. Our study provides new insight into
the development of novel and potent anti-cancer drugs targeting the PDXK-PLP complex with minimal side
effects using in-silico molecular docking and in-vitro cell-based studies.

Materials And Methods

The three-dimensional crystal structure of the PDXK-PLP complex protein was retrieved from RCSB PDB
(Protein Data Bank; www.rcsb.org) with PDB ID: 3KEU [16] and was then further prepared using the
graphical user interface (GUI)-based “Auto-Dock Tools” for the docking studies. For this study, we chose to
use the Natural and Drug-like compound library of the Zinc database [17] where we downloaded a total of
7,28,747 compounds in two-dimensional structured data file (SDF) format. To prepare these structures
(ZINC compounds) for molecular docking studies, we converted them to PDBQT format using Open Babel
2.3.2 [18].

Molecular docking-based virtual screening

Structure-based virtual screening is a computational method used to identify potential hits from a large
chemical library by predicting how well a small molecule (ligand) binds to a target protein or enzyme
(receptor) based on its three-dimensional structure [19]. This method involves the use of molecular docking
programs that simulate the binding process between the ligand and receptor and calculate a score based on
the predicted binding affinity [20]. The stability of the resulting complex depends on the number of favorable
interactions, such as hydrogen bonds and electrostatic interactions, between the ligands and the receptor.
These interactions contribute to the binding affinity of the compounds toward the receptor and can help
identify potential hits for further optimization. To determine the binding affinity and conformational pose
of compounds to the target protein PDXK, molecular docking was performed using AutoDock Vina
(Molecular Graphics Lab, The Scripps Research Institute, USA), a free and open-source software, widely used
to predict the preferred orientation of drug candidates and their binding affinities to a target protein [21]. A
temperature of 300 K, pH of 7, solvent concentration of 0.1 M, and electrostatic energy cut-off of 15 A were
used as default parameters during docking calculations in this study. After obtaining the compounds with
higher docking scores, all possible docked conformers were generated by splitting them. These conformers
were then analyzed using Pymol (DeLano Scientific LLC, USA) and Discovery Studio (Dassault Systemes
BIOVIA, USA) to investigate their interactions with PDXK. In addition to docking analysis, the SwissADME
Calculation program (http://www.swissadme.ch/index.php) was used to evaluate the drug-likeness rankings
of the compounds for improved understanding of compound structure-activity relationships [22]. Detailed
docking procedures were described in our previous publication [23].

Molecular dynamics (MD) simulation

Desmond version 5.3 was utilized to conduct molecular dynamics (MD) simulations, employing the inherent
OPLS-AA force field. The MD simulations were initiated using specific docking poses obtained from
molecular docking experiments, as outlined in the methodology by Banerjee et al. [23]. To evaluate the
binding free energy (MM-GBSA), calculations were performed using the final 10 ns of the dynamic
simulation trajectory of the ligand-protein complex as described previously [23].

2023 Banerjee et al. Cureus 15(11): e48176. DOI 10.7759/cureus.48176 20f 14


javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

Cureus

Cell lines and cell culture

Studies were conducted using cancer cell lines, K562 (myeloid leukemia cell line), A549 (adenocarcinoma),
Jurkat (T cell leukemia), and HeLa (cervical cancer cells), from American Type Culture Collection (ATCC).
Cells were cultured at 37 °C and 5% CO, atmosphere using the RPMI1640 medium (Sera Labs, UK) with 10%

fetal bovine serum (Gibco BRL, USA) and 1% penicillin-streptomycin (Sigma-Aldrich, USA). The cells were
monitored daily and subcultured twice per week until 80% confluency was attained. Chemicals and reagents
were obtained from Sigma-Aldrich (Dorset, UK).

Treatments and cytotoxicity assays

All the hit compounds were commercially procured for further biological activities. In order to obtain a stock
solution of 10 mM, all the six test compounds, i.e., CO1 (ZINC01612996), C02 (ZINC049841390), C03
(ZINC095099376), C04 (ZINC095098959), CO5 (ZINC01482077), and C06 (ZINC03830976) were dissolved in
dimethyl sulfoxide (DMSO). The use of DMSO as a solvent helps in dissolving the compounds and ensuring
their stability during storage. The stock solution was thereafter aliquoted and stored at —20 °C and utilized
within 10 days only.

MTT Assay

The MTT assay was employed to assess the cytotoxic effects of compounds C01-C06 on cancer cell lines
(K562, Jurkat, A549, and HeLa) by measuring cell metabolic activity and potential induction of apoptosis or

necrosis. Cells were seeded in 24-well plates at 5 x 10 cells/well and treated with varying concentrations of
the compounds (0-80 uM) for 48 hours [24]. For the MTT test, 100 uL of cell suspension and 10 pL of 5
mg/mL MTT solution in phosphate buffer were added to each well of a 96-well cell culture plate and
incubated at 37°C for 4 hours. After removing the MTT solution, formazan crystals in each well were
solubilized with a solution of 50% DMF and 10% SDS, followed by an additional one-hour incubation at 5%
CO2. The intensity of the purple formazan crystals was measured at 570 nm using a BioRad iMARK plate
reader. The cell control group treated with DMSO was considered 100% cell proliferation, and cytotoxicity
was determined by the decrease in optical density (OD) relative to this control (100%) [25]. The experiment
was performed in triplicates and repeated at least three times for accuracy and reproducibility, and a
concentration-response graph was generated to identify optimal drug dosages for subsequent studies.

Trypan Blue Dye Exclusion Assay

The trypan blue exclusion assay was performed to determine the effect of novel compounds (C01-C06) on
cancer cell proliferation. The growth inhibitory activity of the compounds was evaluated by culturing cells

in a 24-well plate (Corning, USA) at a density of 0.5 x 10° cells/ml in 1 ml of complete medium. The cells
were then cultured for 48 hours at 37 °C in a 5% CO, incubator until reaching a confluency of at least 70%.

Following treatment with various concentrations of compounds (ranging from 0-80 uM), the medium was
removed, and the cells were washed twice with PBS following incubation with 0.4% trypan blue stain for 5
minutes. After loading the cells onto the cell-counting chamber, they were observed under a light
microscope (Olympus, Japan) to determine whether there were viable (unstained) or dead (blue-stained)
cells. The number of viable cells was divided by the total number of cells (stained + unstained) to obtain the
percentage of viable cells [26].

Assessment of cell cycle profile using flow cytometry

Compound C03 was chosen for further study because it was discovered to be the most potent in reducing
cancer cell proliferation. Therefore, the DNA content analysis was performed by using a flow cytometer.

K562 cells were seeded (0.5x10° cells/ml) in six well plates and treated with different concentrations of
compound CO03 (1, 5, and 10 pM). Cells were harvested after a 24-hour time point, washed with 1X PBS, and
fixed in 80% chilled ethanol [27]. Samples were treated with RNase-A (50 pug/ml) (Sigma Aldrich, USA) and
incubated at 37°C overnight. Further, cells were stained with propidium iodide (5 pg/ml) (Sigma Aldrich,

USA) and cell cycle progression was monitored using a flow cytometer (FACSVerse™ BD Biosciences, USA),
with excitation at 488 nm laser and emission at 560/670 nm. Cell distribution across the cell cycle was
analyzed with Flowing Software (Version 2.5.1; Turku Bioscience, Turku, Finland) and histograms were
plotted. An error bar diagram was used to demonstrate the percentage of cells in each phase of the cell cycle
[28].

Western blotting analysis

PDXK expression was detected by Western blotting using a K562 cell extract. Initially, the K562 cells (0.5 x
10° cells/mL) were seeded in a 24-well plate with complete growth media. Subsequently, they were
incubated and subjected to 24-hour treatment with test compound CO3. To lyse the cells, 10 mM Tris (pH
7.4), 150 mM NaCl, 1 mM EDTA, protease and phosphatase inhibitors, and 1% (v/v) NP40 were used,
obtained from Sigma Aldrich, USA. The protein samples were incubated on ice for 10 minutes followed by
sonication to disrupt any clumps or aggregates and subjected to centrifugation at 15000g for 10 minutes to
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eliminate any insoluble cellular debris. The protein extracts were then resolved by SDS polyacrylamide gel
(12%) electrophoresis obtained from Invitrogen, transferred to PVDF membrane (GE Healthcare, USA), and
blocked overnight with 5% skim milk powder in PBS. The primary antibody was incubated with the
membrane for two hours, followed by incubation with a secondary antibody for two hours. To detect PDXK
expression, primary antibodies specific to PDXK (anti-PDXK antibody, Sigma HPA030196) and rabbit anti-
tubulin antibodies were used. Secondary antibodies were conjugated to anti-mouse peroxidase and anti-
rabbit peroxidase. 3, 3-Diaminobenzidine tetrahydrochloride was used to visualize the protein bands [28].
To ensure equal amounts of protein were loaded in each lane, a tubulin protein signal was used as a loading
control.

Quantitative gene expression analysis

K562 cells were treated with compound CO03 for 12 and 24 hours, with DMSO as a control. RNeasy Mini Kit
(Qiagen, Germany) was used to isolate the mRNA from the cells following the incubation period, and the
concentration was measured by spectrophotometry. The extracted mRNA was then subjected to analysis via
1% AGE. cDNA was prepared following the manufacturer's protocol using a cDNA synthesis kit (Qiagen,
Germany). The quantitative real-time polymerase chain reaction (QRT-PCR) was carried out using SYBR
Green I dye with cDNAs as the amplification template, according to the manufacturer's protocols [29] and in
order to normalize the expression of test genes, actin was used as an endogenous control.

Statistical analysis of relative mRNA quantification and protein
quantification

The mRNA quantity of apoptotic genes was calculated using the formula 2DCt, where DCt1/4Ct represents
the difference between the reference gene cycle threshold (Ct) and the test gene cycle threshold (Ct). For
normalization, actin was used as a reference gene. For mRNA, protein expressions, and other analyses, a
nonparametric Mann-Whitney test (GraphPad Prism version 5, San Diego, CA) was performed to evaluate
the significant differences between experimental groups. The levels of significance were determined using a
threshold of p<0.05.

Results

Structure-based virtual screening of compounds and binding affinity
analysis

A commercially available library of 7,28,747 natural and drug-like compounds was virtually screened using a
molecular docking approach to target the substrate binding pocket of PDXK. The 3D structures of the
prepared compounds were docked into a generated grid to encompass the active site of PDXK, including its
residues that interact with PLP. In virtual screening, 246 phytochemicals and 521 ZINC compounds
exhibited superior binding affinity compared to the co-crystallized ligand. The binding score due to the re-
docking of the co-crystallized ligand (PLP) with PDXK was -6.2 kcal/mol. Those promising hits were selected
based on the binding score of PLP. The docking analysis led us to select six compounds that can bind the

PDXK substrate pocket with binding affinity ranging from -11.6 to -12.5 kcal mol~!, which included hydrogen
bond interactions with the critical amino acid residues of the receptor protein. Using Discovery Studio
Visualizer, we analyzed the types of interactions between these top six hits and the PDXK binding site.

There is a strong correlation between lower binding energy and higher binding efficiency, resulting in
augmented inhibition. Table / summarizes the docking score and protein-ligand interactions of these six
compounds with PDXK.
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Binding
Nature of
S.No. Compounds Popular Name Hydrogen bond interactions energy
compounds
(kcal/mol)
Compound C01 . Natural
1. Irinotecan Gly234, Thr186 -12.2
(ZINC01612996) compound
Plant-derived
Compound C02
2. benzyl-[(4-hydroxyphenyl) methyl] BLAHheptone Asp118, Thr233 natural -11.9
(ZINC049841390)
compound
[(2R,3R,48,5S,6S)-4,5-dihydroxy-2- Phe230, Gly117, Asp118, Thr47, Plant-derived
Compound C03 .
3. (hydroxymethyl)-6-[(methyl-methylene-dioxo- Asn150, Tyr127, Glu153, Gly234, natural -12.5
(ZINC095099376)
BLAHyl) methoxy] tetrahydro Gly232 compound
[(1R,3As,5Ar,5Br,7Ar,9S,11Ar,11Br,13Ar,13Br)-3a- Plant-derived
Compound C04 . Asp87, Arg86, Ser12, Tyr127,
4. hydroxy-1-isopropenyl-5a,5b,8,8,11a-pentamethyl- natural -11.8
(ZINC095098959) Asp118
2, compound
Compound C05 o Synthetic
5 Gliquidone Ser12, Thr186, Ser187, Asn150 -11.7
(ZINC01482077) compound
Compound C06 Synthetic
6. Itraconazole Ser187, Ser12 -11.6
(ZINC03830976) compound

4-formyl-5-hydroxy-6-methylpyridin-3-yl) methyl
7. PLP (_ Y by Y B " z Thrd7, Asp235, Gly234 -6.2
dihydrogen phosphate

TABLE 1: The protein-ligand interaction profile and binding energy of the top six screened
compounds with the PDXK binding site

The listed amino acid abbreviations with their three-letter codes denote Gly-Glycine, Thr-Threonine, Asp-Aspartic acid, Phe-Phenylalanine, Asn-
Asparagine, Tyr-Tyrosine, Glu-Glutamic acid, Arg-Arginine, Ser-Serine.

Molecular docking and interaction studies

To obtain a theoretical understanding of the potential molecular interactions between the target protein and
the screened compounds, molecular docking studies were conducted. These compounds were screened for
the best-docked poses and analyzed via PyMol and Discovery Studio Visualizer to determine the receptor-
ligand interaction patterns. In Figure I, well-established good interactions exist between the compounds
and the active pocket of the target receptor. The compounds are referred to as CO1 to C06, with their
corresponding ZINC codes: ZINC01612996 (C01), ZINC049841390 (C02), ZINC095099376 (C03),
ZINC095098959 (C04), ZINC01482077 (CO5), ZINC03830976 (C06). These studies considered both the ATP
binding groove and the PLP interaction sites on PDXK. Figure I (A, C, E, G, I, K) illustrates a 3-D surface
representation diagram of the protein-ligand interactions, where, all six compounds were found to be deeply
bound within the binding groove of PDXK. A detailed analysis of the binding pattern and residues
interacting with the top six compounds is shown in Figure I (B, D, F, H, ], L). Interaction analyses were
conducted to determine the specific non-covalent interactions and their different types. According to the
analysis, all the compounds made interactions with the crucial residues (ASP235, THR47, ASN150, THR233)
of the PDXK’s binding site and share the same interactions as PLP [23]. In addition to evaluating the
physicochemical properties of the compounds that we selected, we also tested their ADMET (absorption,
distribution, metabolism, excretion, and toxicity) properties, where all six compounds exhibited good
physicochemical properties without any PAINS pattern. The pkCSM program was used to extract various
ADMET data, and all six drugs were chosen based on their AMES and hepatotoxicity scores. These six
compounds had acceptable ADMET properties and were further investigated as potential PDXK kinase
inhibitors since they showed no toxicity (Table 2).
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Compounds

S.No.

1. ZINC01612996
2. ZINC49841390
3. ZINC95099376
4. ZINC95098959
5. ZINC01482077
6. ZINC03830976

Figure 1
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FIGURE 1: Docked poses and molecular interactions of the selected
compounds at the active binding site of PDXK (PDB ID: 3KEU)

Three-dimensional hydrophobic surface representation and two-dimensional structural representation of binding
pocket residues of PDXK and their interactions with compounds C01(A, B), C02(C, D), CO3(E, F), C04(G, H),
C05(1, J), CO6(K, L). All compounds occupied a similar space in the PDXK binding pocket.

Absorption Distribution Metabolism Excretion Toxicity
. . Blood-brain barrier (BBB) Cytochrome P450 Organic cation
Gastrointestinal o AMES
) permeability/Central nervous system 2D6 (CYP2D6) transporter 2 (OCT2) .
(Gl) absorption . L toxicity
(CNS) permeation inhibitor substrate

High No No No No
Low No No No No
Low No No No No
Low No No No No
Low No No No No
High No No No No

TABLE 2: Calculated ADMET properties of the selected compounds

ADMET: absorption, distribution, metabolism, excretion, and toxicity

Molecular dynamics (MD) simulation of the top six docked complexes

To ensure the stability and dynamics of the free protein (PDB Id: 3KEU) and top six ligand-protein
complexes necessary for structural changes related to the inhibition mechanism, molecular dynamics
simulations of PDXK protein target in complex with top-ranked ZINC compounds (ZINC95099376,
ZINC01612996, ZINC49841390, ZINC95098959, ZINC01482077, ZINC03830976) were carried out for the 100
ns time scale using the Schrodinger Desmond package. We evaluated the structural dynamics of PDXK in
both its unbound and complex states by calculating the root-mean-square deviation (RMSD) across various
time-evolution plots (Figure 2). The fluctuations in the protein backbone were graphically represented using
plots generated from the simulations, as illustrated in Figure 2A. The computed average RMSD values for the
different systems were as follows: free-PDXK showed 1.62 A while the PDXK complexes with ZINC01612996,
ZINC49841390, ZINC95099376, ZINC95098959, ZINC01482077, and ZINC03830976 exhibited values of 1.86
A,2.3A,1.754,1.854,2.03 A, and 2.23 A, respectively. Notably, compound C03 (PDXK-ZINC95099376)
showed a lower RMSD among all the complexes, which indicates greater protein stability. During the
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simulation time from 10 ns to 50 ns, a modest fluctuation in RMSD, up to 1.0 A, was observed across all
seven PDXK systems. This variance can likely be attributed to the initial positioning of the compound within
the PDXK binding pocket.

PDXK
= PDXK-ZINC95099376

—— PDXK-ZINC01612956

e

TPt "‘,'M

=== PDXK-ZINC48841390

v It u‘nm
L*I‘:‘.,:‘:‘M'y':ﬂ:' b ?ﬂfr “‘,r

RMSD (4°)

RMSF (&)

= PDXK-ZINC5094959
e PDXK-ZINCO1482077

= PDXK-ZINC03§30976

Time (ns)

FIGURE 2: The structural dynamics of the PDXK structure as a function
of time

(A) RMSD graph showing PDXK in free-state and when bound with compounds. (B) The average residual
fluctuations (RMSF) graph of PDXK and upon binding of six compounds.

PDXK: pyridoxal kinase; RMSD: root-mean-square deviation; RMSF: root-mean-square fluctuation

Conducting RMSF analysis allowed us to investigate residue dynamics within the PDXK structure before and
after compound binding. To visualize protein flexibility during MD simulations, we generated RMSF plots for
individual residues (Figure 25). The computed average RMSF values for Free-PDXK and the PDXK complexes
(PDXK-ZINC01612996, PDXK-ZINC49841390, PDXK-ZINC95099376, PDXK-ZINC95098959, PDXK-
ZINC01482077, and PDXK-ZINC03830976) were 0.92 A, 1.04 A, 0.91 A, 1.02 &, 0.96 A, 0.91 A, and 0.909 A.
The fluctuations in RMSF were notably controlled and minimized upon compound binding, indicating
remarkable stability and uniformity within the protein-ligand complex. Multiple peaks indicated flexible
amino acids within the protein's Ca backbone. The stability and dynamic behavior of these six docked
complexes were also evaluated using protein-ligand Rg, H-bond, and SASA calculations, as described in our
previous publication [23].

Cytotoxicity assay

The anti-proliferative activity of all six compounds (C01-C06) was evaluated on cancer cell lines, including
K562, A549, Jurkat, and HeLa. Using a colorimetric MTT assay, different concentrations of compounds were
tested for their effect on cell proliferation after 48 hours of incubation. The results presented in Table 3
indicated that among all the compounds, C03 exhibited the highest inhibition of cell proliferation, followed
by CO05 and CO1. The IC50 values of compound C03 were depicted as 9.97 uM, 11.2 uM, 16.2 pM, and 18.7 uM
in K562, A549, Jurkat, and HeLa cells, respectively. Based on the IC50 (<50) values of compounds C01, CO3,
and CO05, the percentage of cell proliferation was calculated in K562 leukemic cells. Interestingly, compound
C03 exhibited 50% growth inhibition at a concentration of 10 uM, whereas the other compounds, CO1 and
CO5 exhibited a similar effect at concentrations of 40 uM and 30 uM (Figure 3). Therefore, compound C03
was selected as a lead compound for further biological experiments. Using K562 cells, further experiments
were conducted to examine compound C03's mechanism of action.
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FIGURE 3: MTT assay to determine the IC50 value of the different drugs
and analyze their effect on cell viability after 48 h of incubation

The different drug concentrations used and the corresponding cell viability graphs are shown for (A) compound
CO01 (0 - 80 pM), (B) compound C03 (0 - 50 uM), and (C) compound CO05 (0 - 80 uM). The IC5q value (that is, the
concentration of drug that exhibited 50% cell viability for K562 cells (Blue), A549 (Green), Jurkat (Yellow), and
Hela cells (Red) using an MTT assay at 48h time point) were determined to be 40, 10 and 30 puM, respectively, for
CO01, C03, C05. Cells without any treatment were used as controls and taken as 100%. y (All data are expressed
as mean * SE from three independent experiments).

Cell lines (IC5q Value in pM)

K562 (Myeloid ) ) )
A549 (Adenocarcinoma) Jurkat (T cell leukemia) Hela (Cervical Cancer)

leukemia)

40.1 445 45.06 46.88
> 50 > 50 > 50 > 50
9.97 11.2 16.2 18.7
> 50 > 50 > 50 > 50
30.08 36.6 38.7 41.44
> 50 > 50 > 50 > 50

TABLE 3: Study of the inhibitory effects of the selected compounds: potential lead compounds
(C01-C06) have anti-proliferative effects on K562, A549, Jurkat, and HeLa cells

IC50 (half-maximal inhibitory concentration) values were determined based on the results of MTT assays conducted at a 48-hour time point.

Novel PDXK inhibitor (C03) exerts an inhibitory effect on cell viability in
the K562 cell line

For further cytotoxicity evaluation, cell viability in the K562 cell line was assessed using the trypan blue
assay. Different concentrations of the compounds C01, C03, and CO5 were used to treat cells for 48 hours,
and the % viable cells were counted. It was observed that compound CO03 inhibits cell viability in the K562
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cell line at a 10 uM drug concentration, which suggests that C03 has a potent cytotoxic effect on the K562
cells at this concentration (Figure 4). However, further analysis and experiments were conducted to explore
the underlying mechanisms and evaluate the potential of C03 as a therapeutic agent.

K562 Cells K562 Cells
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FIGURE 4: Trypan blue cell viability assay using the K562 cell line

After 48 hrs of treatment with increasing concentrations of compounds C01, C02, and C03 as indicated, K562
cells were stained with trypan blue dye for three to five minutes and counted. Cell viability decreased with
increasing concentration of compounds and on average, only 50% of cells were viable 48 hours after treatment
with various concentrations of compounds.

Novel PDXK inhibitor (C03) resulted in an increased accumulation of
cells in the SubG1 phase

After conducting preliminary cytotoxicity assays, subsequent experiments were performed to examine the
effect of compound CO03 on the cell cycle progression. K562 cells were used to study the DNA content at
various stages of the cell cycle (G1, S, G2/M, and SubG1) after treatment with compound CO3 at
concentrations of 1, 5, and 10 uM. At the 24-hour time point, compound C03 led to a significant change in
the cell cycle distribution, particularly in the SubG1 population at a concentration of 10 uM. The percent
proportion of different stages of cell cycle phases (histograms) is shown in Figure 5A. The observed increase
in the SubG1 population further supports the potential cytotoxic effects of compound C03 on the cell cycle
dynamics, indicating that C03-treated K562 cells induce apoptosis and promote cell death in a dose-
dependent manner compared to a DMSO-treated vehicle control (Figure 5B).
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FIGURE 5: Cell cycle analysis of K562 cells following compound C03
treatment

K562 cells were grown in the presence of different concentrations of compound C03 (1,5 and 10 pM) or
appropriate concentrations of DMSO (vehicle control) for 12 h. The cells were harvested and stained with
ethidium bromide, and the DNA content was quantified by flow cytometry. Histograms showing the percentage of
cells in the GO/G1, G2/M, S, and G1 phases of the cell cycle obtained after fluorescence-activated cell

sorting (FACS) analysis. For each sample, 10,000 cells were acquired. Each experiment was repeated three
times and values are the mean of three replicates + SE.

Novel PDXK inhibitor (C03) downregulates the expression of
endogenous PDXK protein

To evaluate the inhibitory action of compound C03 on the expression of PDXK, K562 cells were exposed to
two different concentrations (5 UM, 10 uM) of the compound for 24 hours (Figure 6A). After the treatment,
the cell-free extracts of K562 cells were prepared and subjected to western blot analysis with tubulin as a
loading control. The results demonstrated a significantly low level of PDXK expression after the addition of
compound CO03 at a concentration of 10 uM. However, at the reduced concentration, the inhibition of PDXK
expression was not altered. This result clearly shows that compound CO3 acts as a novel inhibitor of PDXK by
reducing the endogenous expression of PDXK in K562 cells. The relative expression of PDXK with
endogenous control tubulin was also determined using densitometry software (Figure 6B).

Al B.
C03 (5 uM) €03 (10 pM) PDXK/Tubulin
16
_ + - + 14
l — —— PDXK .:l'- -
- i
= :g 06
— i 04
[ 0r |
- — T
- “ ) ) [ )
ca(s M) €3 (10pM)

FIGURE 6: Effects of novel compound C03 on the expression of PDXK
in K562 cells.

(A) Western blotting analysis after treatment with compound C03 (5, 10 pM) with negative control (DMSO) for 24
h on K562 leukemic cells. Tubulin was used as a loading control. (B) Quantification of PDXK expression relative
to tubulin based on western blotting profile presented as a bar diagram (n = 2)

Novel PDXK inhibitor (C03) induces apoptosis in K562 cells
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To investigate the apoptotic mechanisms induced by compound C03 on K562 cells, important genes
associated with apoptosis activation (listed in Table 4) were analyzed through qRT-PCR. The K562 cells were
subjected to treatment with compound 03 at a concentration of 10 UM at two distinct time intervals (12 h
and 24 h). The effect of C03 on apoptosis was especially strong in K562 cells upon 24 hours of treatment
with a 10 uM dose. After 24 hours of treatment with a 10 UM concentration of C03, K562 cells showed a
significant upregulation (4-fold) in the intrinsic apoptotic pathway regulator gene BAX. This overexpression
of BAX led to the release of Cyt-C from mitochondrial membranes, which was increased by 8-fold. It was also
discovered that the expression of APAF 1 and activated caspase 3 had increased five-fold and eight-fold
respectively, at a similar time point (24 hours) following treatment with a 10 UM concentration of C03
[28,30]. In addition, the levels of tumor necrosis factor-alpha (6-fold) and tumor suppressor P53 (2-fold),
were also observed to be upregulated upon treatment with 10 uM of compound CO03 for 24 hours (Figure 7).
Therefore, it can be inferred that the intrinsic pathway of apoptosis is activated in K562 cells treated with 10

UM of compound 03.
S. No. Pro-apoptotic — apoptotic genes
Forward Primer 5" AGGCGCTCCCCAAGAAGACA 3'
1. TNF-a
Reverse Primer 5" TCCTTGGCAAAACTGCACCT 3'
Forward Primer 5' CACGAGCGCTGCTCAGATAGC 3'
2. P53
Reverse Primer 5" ACAGGCACAAACACGCACAAA 3
Forward Primer 5" TTCATCCAGGATCGAGCAGA 3’
& BAX
Reverse Primer 5" GCAAAGTAGAAGGCAACG 3'
Forward Primer 5" AGTGGCTAGAGTGGTCATTCATTTACA 3’
4. Cyt-C
Reverse Primer 5" TCATGATCTGAATTCTGGTGTATGAGA 3'
Forward Primer 5" GATATGGAATGTCTCAGATGGCC 3’
B, APAF-1
Reverse Primer 5" GGTCTGTGAGGACTCCCCA 3'
Forward Primer 5" GGTATTGAGACAGACAGTGG 3’
6. Caspase 3

Reverse Primer 5" CATGGGATCTGTTTCTTTGC 3

TABLE 4: List of Primers used for qRT-PCR

gRT-PCR: quantitative real-time polymerase chain reaction
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FIGURE 7: Relative expression of apoptotic factors determined by
quantitative real-time PCR (qRT-PCR) analysis

(A) Tumor necrosis factor-a (TNF-a), (B) Tumor suppressor (P53), (C) Apoptosis regulator (BAX), (D) Apoptotic
protease activating factor 1 (APAF 1), (E) Cytochrome-c, and (F) Caspase 3 genes in K562 cells treated with 10
um compound C03 for 12 h. mRNA levels of apoptotic factors were determined relative to the endogenous control
Actin, according to the formula 2 to the power of delta cycle threshold (2DCt), where DCt"Ct, reference gene —
Ct, test gene. Differences between experimental groups were tested for significance using the nonparametric
Mann-Whitney test (GraphPad Prism version 5, San Diego, CA), for both mRNA, protein expressions, and other
analyses. Levels of significance are indicated by p< 0.05.

Discussion

Resistance to current leukemic therapies is a major challenge in the treatment of leukemia and other types
of cancer. To overcome resistance and improve treatment outcomes, there is a need for the development of
new chemotherapeutic interventions that can target cancer cells more effectively with fewer side effects.
This requires a better understanding of the underlying mechanisms of resistance and the identification of
new targets for drug development. One of the recently identified leukemia targets is PDXK [15]. Pyridoxal
kinase (PDXK) is an enzyme that plays a critical role in the metabolism of vitamin B6, which is essential for
various biological processes, including DNA synthesis, immune function, and neurotransmitter synthesis.
According to several studies, PDXK may suppress tumors in a variety of cancers and downregulation of
PDXK expression may contribute to tumor growth and progression [15]. Therefore, targeting PDXK with
small molecule inhibitors or other therapeutic approaches may represent a promising strategy for cancer
treatment. However, further preclinical and clinical studies are needed to evaluate the safety and efficacy of
PDXK inhibitors and other targeted therapies for the treatment of leukemia. This study utilized a high-
throughput structure-based virtual screening method and molecular docking approach to evaluate the
binding efficacy of new lead compounds toward PDXK. Primarily, all six compounds were evaluated as
potent inhibitors of PDXK based on their binding affinity and interaction studies. The findings indicated
that all the selected compounds exhibited a binding mode similar to the crystal ligand observed in the PDXK-
PLP complex (PDB ID: 3KEU). The docking analysis results indicated that the lead compounds interact with
PDXK through a shared set of amino acid residues and demonstrated high binding affinity to the substrate
binding core having a binding energy between -12.5 Kcal/mol and -11.6 Kcal/mol (C01- C06), which was
higher than that of the co-crystallized ligand (PLP) with a binding affinity of —6.2 Kcal/mol. It may also be
inferred from the interaction analysis that for designing potent and selective inhibitors of PDXK to
specifically interrupt both ATP binding and PDXK-PLP complex formation, it is necessary to target ASN150,
THR233, THR47, and ASP235 residues as well as common interactions with ATP binding sites. In addition,
the ADME evaluation of the top six compounds exhibited a series of chemical characteristics that may
enhance its drug-like properties, and molecular dynamics simulation studies were conducted to validate the
stability of the compounds' binding to PDXK [23]. Therefore, it can be concluded from our In silico work that
all the six compounds chosen for further study have a higher affinity for PDXK.

In order to investigate the efficacy and mechanism of action of lead compounds, cytotoxic evaluation, cell
cycle analysis, western blotting, and qRT-PCR were performed. Among the top six compounds, compound
CO03 with minimal IC50 of 9.97uM in K562 cells (myeloid leukemia), downregulates the expression of
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endogenous PDXK in a dose-dependent manner in K562 leukemic cells. Moreover, compound C03 shows a
significant accumulation of cells in the SubG1 phase of the cell cycle, and activates key apoptotic factors in
K562 leukemic cells triggering the intrinsic apoptosis signaling pathway. In a preceding study, we have made
a substantial impact on the realm of cancer research by designing inhibitors targeted at the specific site of
PDXK [23]. Altogether, our findings provide compelling evidence for the utility of compound C03 as an
effective inhibitor of PDXK and highlight its potential for advancing the development of targeted therapies
against cancer.

The study's implications are significant, suggesting that compound C03 holds promise as an inhibitor of
PDXK, potentially offering a targeted therapy for leukemia. It highlights the importance of PDXK as a
therapeutic target in cancer treatment and provides insights into the compound's mechanism of action.
However, limitations include the reliance on silico predictions and in vitro experiments, which may not fully
represent real-world complexities. Specificity, off-target effects, and long-term safety must be further
evaluated. The study's findings are based on a specific cell line, and clinical translation to humans requires
careful assessment. Additionally, ethical, regulatory, and financial constraints may impact future
development and may influence the broader research landscape. These limitations emphasize the need for
cautious optimism and further research validation.

Conclusions

In conclusion, the resistance encountered in current leukemic therapies presents a formidable obstacle in
the battle against leukemia and other cancer types. To address this challenge and enhance treatment
outcomes, the development of novel chemotherapeutic interventions is imperative. The identification of
PDXK as a potential leukemia target holds promise, as this enzyme plays a pivotal role in the progression of
cancers.

Our study employed advanced structure-based virtual screening to assess newly discovered lead compounds'
binding to PDXK. All six compounds displayed strong binding affinity, mimicking the crystal ligand's
interaction with PDXK. They exhibited significant binding energy, suggesting potent PDXK inhibition
potential. Targeting specific amino acid residues, including ASN150, THR233, THR47, and ASP235, and
interactions with ATP binding sites, could facilitate the design of selective PDXK inhibitors. Additionally,
these compounds showed favorable ADME characteristics, enhancing their drug-like attributes. Compound
C03, among the top six, exhibited remarkable cytotoxicity with an IC50 of 9.97 uM in K562 cells. It
effectively downregulated PDXK expression in a dose-dependent manner, arrested the cell cycle at the
SubG1 phase, and activated apoptotic factors, triggering the intrinsic apoptosis pathway. In summary, in
silico and in vitro findings strongly support the potential of compound CO3 as a promising inhibitor of
PDXK. This research offers valuable insights into the development of targeted therapies for leukemia and
underscores the significance of PDXK as a therapeutic target in the fight against cancer. These results open
new avenues for advancing the field of cancer research and the development of effective treatments. Further
preclinical and clinical studies are warranted to validate the safety and efficacy of PDXK inhibitors and other
targeted therapies in the treatment of leukemia and other cancers.

Additional Information
Author Contributions

All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the
work.

Concept and design: Imteyaz Qamar, Tripti Singh

Critical review of the manuscript for important intellectual content: Imteyaz Qamar
Supervision: Imteyaz Qamar

Acquisition, analysis, or interpretation of data: Pallabi Banerjee

Drafting of the manuscript: Pallabi Banerjee, Tripti Singh

Disclosures

Human subjects: All authors have confirmed that this study did not involve human participants or tissue.
Animal subjects: All authors have confirmed that this study did not involve animal subjects or tissue.
Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: All authors have declared that no financial support was received from
any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Other relationships: All authors have declared that there are no
other relationships or activities that could appear to have influenced the submitted work.

2023 Banerjee et al. Cureus 15(11): e48176. DOI 10.7759/cureus.48176 13 0of 14


javascript:void(0)

Cureus

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Campo E, Swerdlow SH, Harris NL, Pileri S, Stein H, Jaffe ES: The 2008 WHO classification of lymphoid
neoplasms and beyond: evolving concepts and practical applications. Blood. 2011, 117:5019-32.
10.1182/blood-2011-01-293050

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray F: Global cancer statistics 2020:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer |
Clin. 2021, 71:209-49. 10.3322/caac.21660

Cantor JR, Sabatini DM: Cancer cell metabolism: one hallmark, many faces . Cancer Discov. 2012, 2:881-98.
10.1158/2159-8290.CD-12-0345

Vander Heiden MG: Targeting cancer metabolism: a therapeutic window opens . Nat Rev Drug Discov. 2011,
10:671-84. 10.1038/nrd3504

Hanna MC, Turner AJ, Kirkness EF: Human pyridoxal kinase. cDNA cloning, expression, and modulation by
ligands of the benzodiazepine receptor. ] Biol Chem. 1997, 272:10756-60. 10.1074/jbc.272.16.10756
Bowling FG: Pyridoxine supply in human development. Semin Cell Dev Biol. 2011, 22:611-8.
10.1016/j.semcdb.2011.05.003

Ueland PM, Ulvik A, Rios-Avila L, Midttun @, Gregory JF: Direct and functional biomarkers of vitamin B6
status. Annu Rev Nutr. 2015, 35:33-70. 10.1146/annurev-nutr-071714-034330

Eliot AC, Kirsch JF: Pyridoxal phosphate enzymes: mechanistic, structural, and evolutionary considerations.
Annu Rev Biochem. 2004, 73:383-415. 10.1146/annurev.biochem.73.011303.074021

Lainé-Cessac P, Cailleux A, Allain P: Mechanisms of the inhibition of human erythrocyte pyridoxal kinase
by drugs. Biochem Pharmacol. 1997, 54:863-70. 10.1016/S0006-2952(97)00252-9

Safo MK, Musayev FN, di Salvo ML, Hunt S, Claude JB, Schirch V: Crystal structure of pyridoxal kinase from
the Escherichia coli pdxK gene: implications for the classification of pyridoxal kinases. ] Bacteriol. 2006,
188:4542-52. 10.1128/]B.00122-06

Li MH, Kwok F, Chang WR, et al.: Crystal structure of brain pyridoxal kinase, a novel member of the
ribokinase superfamily. ] Biol Chem. 2002, 277:46385-90. 10.1074/jbc.M208600200

Li MH, Kwok F, Chang WR, et al.: Conformational changes in the reaction of pyridoxal kinase . ] Biol Chem.
2004, 279:17459-65. 10.1074/jbc.M312380200

Galluzzi L, Vacchelli E, Michels ], et al.: Effects of vitamin B6 metabolism on oncogenesis, tumor
progression and therapeutic responses. Oncogene. 2013, 32:4995-5004. 10.1038/onc.2012.623

Brasky TM, White E, Chen CL: Long-term, supplemental, one-carbon metabolism-related vitamin B use in
relation to lung cancer risk in the vitamins and lifestyle (VITAL) cohort. ] Clin Oncol. 2017, 35:3440-8.
10.1200/JC0.2017.72.7735

Chen CC, Li B, Millman SE, et al.: Vitamin B6 addiction in acute myeloid leukemia . Cancer Cell. 2020, 37:71-
84.e7.10.1016/j.ccell.2019.12.002

Berman HM, Battistuz T, Bhat TN, et al.: The Protein Data Bank. Acta Crystallogr D Biol Crystallogr. 2002,
58:899-907. 10.1107/30907444902003451

Irwin JJ, Shoichet BK: ZINC - a free database of commercially available compounds for virtual screening . J
Chem Inf Model. 2005, 45:177-82. 10.1021/ci0497 14+

O'Boyle NM, Banck M, James CA, Morley C, Vandermeersch T, Hutchison GR: Open Babel: an open chemical
toolbox. ] Cheminform. 2011, 3:33. 10.1186/1758-2946-3-33

Thakur PK, Hassan I: Discovering a potent small molecule inhibitor for gankyrin using de novo drug design
approach. Int ] Comput Biol Drug Des. 2011, 4:373-86. 10.1504/[JCBDD.2011.044404

Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell DS, Olson AJ: AutoDock4 and
AutoDockTools4: automated docking with selective receptor flexibility. ] Comput Chem. 2009, 30:2785-91.
10.1002/jcc.21256

Daina A, Michielin O, Zoete V: SwissADME: a free web tool to evaluate pharmacokinetics, drug-likeness and
medicinal chemistry friendliness of small molecules. Sci Rep. 2017, 7:42717. 10.1038/srep42717

Hegde M, Mantelingu K, Swarup HA, et al.: Novel PARP inhibitors sensitize human leukemic cells in an
endogenous PARP activity dependent manner. RSC Adv. 2016, 6:6308-19. 10.1039/C5RA19150E

Banerjee P, Chandra A, Mohammad T, Singh N, Hassan MI, Qamar I: Identification of high-affinity
pyridoxal kinase inhibitors targeting cancer therapy: an integrated docking and molecular dynamics
simulation approach. ] Biomol Struct Dyn. 2023, 1-18. 10.1080/07391102.2023.2246580
Lewandowska-Szumiel M: Alternative methods for assessing biocompatibility and function of implant
materials. Altern Lab Anim. 1999, 27:271-81. 10.1177/026119299902700209

Altaher AM, Adris MA, Aliwaini SH, Awadallah AM, Morjan RY: The anticancer effects of novel imidazo[1,2-
a]pyridine compounds against HCC1937 breast cancer cells. Asian Pac ] Cancer Prev. 2022, 23:2943-51.
10.31557/APJCP.2022.23.9.2943

Vanzyl EJ, Rick KR, Blackmore AB, MacFarlane EM, McKay BC: Flow cytometric analysis identifies changes
in S and M phases as novel cell cycle alterations induced by the splicing inhibitor isoginkgetin. PLoS One.
2018, 13:e0191178. 10.1371/journal.pone.0191178

Siqueira RP, Barbosa Ede A, Poléto MD, et al.: Potential antileukemia effect and structural analyses of SRPK
inhibition by N-(2-(piperidin-1-yl)-5-(trifluoromethyl)phenyl)isonicotinamide (SRPIN34). PLoS One. 2015,
10:e0134882. 10.1371/journal.pone.0134882

Chandra A, Ananda H, Singh N, Qamar I: Identification of a novel and potent small molecule inhibitor of
SRPK1: mechanism of dual inhibition of SRPK1 for the inhibition of cancer progression. Aging (Albany NY).
2020, 13:163-80. 10.18632/aging.202301

Navarro E, Serrano-Heras G, Castano MJ, Solera J: Real-time PCR detection chemistry. Clin Chim Acta. 2015,
439:231-50. 10.1016/j.cca.2014.10.017

Noman O, Nasr FA, Ahmed MZ, Rehman MT, Qamar W, Algahtani AS, Guenther S: Assessment of the
anticancer effect of Chlorojanerin isolated from Centaurothamnus maximus on A549 lung cancer cells.
Molecules. 2023, 28:3061. 10.3390/molecules28073061

2023 Banerjee et al. Cureus 15(11): e48176. DOI 10.7759/cureus.48176

14 of 14


https://dx.doi.org/10.1182/blood-2011-01-293050?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1182/blood-2011-01-293050?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.3322/caac.21660?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.3322/caac.21660?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1158/2159-8290.CD-12-0345?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1158/2159-8290.CD-12-0345?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1038/nrd3504?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1038/nrd3504?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1074/jbc.272.16.10756?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1074/jbc.272.16.10756?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.semcdb.2011.05.003?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.semcdb.2011.05.003?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1146/annurev-nutr-071714-034330?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1146/annurev-nutr-071714-034330?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1146/annurev.biochem.73.011303.074021?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1146/annurev.biochem.73.011303.074021?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/S0006-2952(97)00252-9?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/S0006-2952(97)00252-9?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1128/JB.00122-06?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1128/JB.00122-06?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1074/jbc.M208600200?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1074/jbc.M208600200?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1074/jbc.M312380200?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1074/jbc.M312380200?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1038/onc.2012.623?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1038/onc.2012.623?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1200/JCO.2017.72.7735?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1200/JCO.2017.72.7735?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.ccell.2019.12.002?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.ccell.2019.12.002?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1107/s0907444902003451?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1107/s0907444902003451?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1021/ci049714+?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1021/ci049714+?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1186/1758-2946-3-33?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1186/1758-2946-3-33?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1504/IJCBDD.2011.044404?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1504/IJCBDD.2011.044404?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/jcc.21256?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1002/jcc.21256?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1038/srep42717?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1038/srep42717?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1039/C5RA19150E?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1039/C5RA19150E?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1080/07391102.2023.2246580?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1080/07391102.2023.2246580?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1177/026119299902700209?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1177/026119299902700209?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.31557/APJCP.2022.23.9.2943?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.31557/APJCP.2022.23.9.2943?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1371/journal.pone.0191178?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1371/journal.pone.0191178?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1371/journal.pone.0134882?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1371/journal.pone.0134882?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.18632/aging.202301?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.18632/aging.202301?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.cca.2014.10.017?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.1016/j.cca.2014.10.017?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.3390/molecules28073061?utm_medium=email&utm_source=transaction
https://dx.doi.org/10.3390/molecules28073061?utm_medium=email&utm_source=transaction

	New Insights Into Pyridoxal Kinase Inhibitors and Their Antileukemic Effects
	Abstract
	Introduction
	Materials And Methods
	Molecular docking-based virtual screening
	Molecular dynamics (MD) simulation
	Cell lines and cell culture
	Treatments and cytotoxicity assays
	Assessment of cell cycle profile using flow cytometry
	Western blotting analysis
	Quantitative gene expression analysis
	Statistical analysis of relative mRNA quantification and protein quantification

	Results
	Structure-based virtual screening of compounds and binding affinity analysis
	TABLE 1: The protein-ligand interaction profile and binding energy of the top six screened compounds with the PDXK binding site

	Molecular docking and interaction studies
	FIGURE 1: Docked poses and molecular interactions of the selected compounds at the active binding site of PDXK (PDB ID: 3KEU)
	TABLE 2: Calculated ADMET properties of the selected compounds

	Molecular dynamics (MD) simulation of the top six docked complexes
	FIGURE 2: The structural dynamics of the PDXK structure as a function of time

	Cytotoxicity assay
	FIGURE 3: MTT assay to determine the IC50 value of the different drugs and analyze their effect on cell viability after 48 h of incubation
	TABLE 3: Study of the inhibitory effects of the selected compounds: potential lead compounds (C01-C06) have anti-proliferative effects on K562, A549, Jurkat, and HeLa cells

	Novel PDXK inhibitor (C03) exerts an inhibitory effect on cell viability in the K562 cell line
	FIGURE 4: Trypan blue cell viability assay using the K562 cell line

	Novel PDXK inhibitor (C03) resulted in an increased accumulation of cells in the SubG1 phase
	FIGURE 5: Cell cycle analysis of K562 cells following compound C03 treatment

	Novel PDXK inhibitor (C03) downregulates the expression of endogenous PDXK protein
	FIGURE 6: Effects of novel compound C03 on the expression of PDXK in K562 cells.

	Novel PDXK inhibitor (C03) induces apoptosis in K562 cells
	TABLE 4: List of Primers used for qRT-PCR
	FIGURE 7: Relative expression of apoptotic factors determined by quantitative real-time PCR (qRT-PCR) analysis


	Discussion
	Conclusions
	Additional Information
	Author Contributions
	Disclosures

	References


