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ABSTRACT

Cyclin-Dependent Kinase 9 (CDK9) is a crucial regulator of tumour cell proliferation, survival, and oncogenic
gene expression. Transcriptional dysregulation is a known hallmark of cancer. In this work, a novel series of
compounds containing benzoxazine was designed and evaluated in silico as possible therapeutic drugs that target
CDKaQ. To evaluate the binding affinities and interaction patterns of ten proposed compounds (1-10) with the
CDKQ9 enzyme (PDB ID: 6GHZ), molecular docking studies were conducted using AutoDock and AutoDock Vina.
With binding affinities of —9.0 kcal/mol and —8.8 kcal/mol, respectively, Compound 6 and Compound 4
outperformed the standard medication CDK9-IN-23 (8.2 kcal/mol) among the series. Additionally, a
physicochemical study and in silico ADMET showed that most of these substances adhere to Lipinski's rule of five,
having acceptable pharmacokinetic characteristics and no anticipated AMES toxicity. These results demonstrate the

benzoxazine scaffold's potential as a viable lead for targeted anticancer treatment.

KEYWORDS: Benzoxazine, CDK?9, Anticancer activity, Transcriptional regulation, Molecular docking, In-Silico
ADMET.

1. INTRODUCTION

Cancer is a complicated, multifactorial illness marked by aberrant cellular metabolism, resistance to apoptosis, and
unchecked cell proliferation. The dysregulation of transcriptional mechanisms, which results in the ongoing expression
of genes involved in cell survival and metastasis, is a key factor in the etiology of cancer.™ Targeting transcriptional
regulators has become a viable oncology therapy in recent years. The primary catalytic element of the positive

transcription elongation factor b (P-TEFb) complex is cyclin-dependent kinase 9 (CDK9), a serine/threonine kinase.
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CDKO facilitates the shift from transcription initiation to productive elongation by phosphorylating the C-terminal
domain of RNA polymerase 11 and negative elongation factors in conjunction with cyclin T.?*! mechanism is necessary
for cancer cells to express short-lived antiapoptotic and carcinogenic proteins (such MYC and MCL-1). As a result,
CDK?9 is a very desirable target for anticancer therapy because overactivation of CDK9 results in persistent

transcription of survival genes.!

In the field of pharmaceutical sciences, benzoxazines constitute a prominent class of fused bicyclic heterocyclic
molecules.”! Benzoxazine derivatives have a variety of biological actions, including strong antibacterial and anticancer
effects, due to their structurally advantageous framework. Using molecular docking and pharmacokinetic prediction,
ten benzoxazine-based derivatives were designed and assessed as possible CDK9 inhibitors in this work using
Computer-Aided Drug Design (CADD).*]

2. MATERIALS AND METHODS

2.1. Software and Tools: Molecular modelling and structural analyses were conducted using a suite of computational
tools:

e ChemDraw 8.0: For 2D structure drawing and geometric arrangement.®!

e AutoDock Tools & AutoDock Vina: For automated protein-ligand docking simulations.™*”!

e Open Babel: For chemical file format conversion (PDB to PDBQT).[*!

e  SwissADME: For predicting drug-likeness and physicochemical parameters.[*2**]

e PyMOL: For 3D visualization and interaction analysis of protein-ligand complexes.™****!

2.2. Protein Preparation

The RCSB Protein Data Bank provided the human CDK9 3D crystal structure (PDB ID: 6GHZ, Resolution: 2.33 A).
Water molecules and heteroatoms (co-crystallized ligands) were removed during preparation, and polar hydrogens and
Kollman charges were then added. The coordinates of the docking grid box were X: 35.295, Y: 8.045, Z: 10.03, with a
spacing of 0.375 A and measurements of 40x40x40 A 10

2.3. Ligand Preparation

ChemDraw was used to develop ten new benzoxazine compounds (Compounds 1-10) and the conventional inhibitor
(CDKO9-IN-23). In order to provide appropriate bond rotation parameters for flexible docking, structures were
energetically reduced and transformed into the PDBQT format using Open Babel."**!

2.4. Rational Design Strategy

In order to optimize interaction within the catalytic domain of CDK9, different functional groups were substituted in
the design of these derivatives, which were based on a benzoxazine core scaffold. To improve hydrophobic and
hydrogen-bonding interactions with important active-site residues such GLN72, ILE85, and ARG11, different
electronegative groups, sulfonamides, and cyclic substitutions were specifically added.*!

3. RESULTS AND DISCUSSION

3.1. Molecular Docking Analysis

Docking simulations revealed that several redesigned benzoxazine derivatives bound effectively to the catalytic active

site of CDK9, many outperforming the standard reference drug.*"
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Table 1: Binding Affinities and Key Residue Interactions for CDK9 (PDB ID: 6GHZ).

Compound Dock Score (kcal/mol) | Key Amino Acid Interactions

CDK9-IN-23 [Std] -8.2 ARG11, GLU147, ILE85, GLN72, PHE13, GLY145, ASN9, ILE83
Compound 1 -8.7 GLUB84, GLN72, ASN8, ARG11, GLU147, GLY145, ARG68, ILE85
Compound 2 -6.5 ARG254, ASN180, THR179, PHE176, ILE255

Compound 3 -8.7 GLY145, PHE13, ILE85, ARG11, THR149, GLN72

Compound 4 -8.8 THR149, GLU147, GLN72, LYS75, ILE85, GLY145

Compound 5 -8.6 ILE85, GLN72, LYS75, GLY145, PHE13, ARG11

Compound 6 -9.0 LYS75, LEU82, GLN72, ILE83, ILE85, ARG11, PHE13

Compound 7 -8.1 PHE13, GLY145, PHE146, GLN72, ILE85, CYS14, GLU84, LYS75
Compound 8 -8.1 1LYS75, ILE85, GLN72, GLU147, ARG68, TYR13

Compound 9 -1.7 ILE83, GLU84, ILE85, GLN72, ARG11, GLU147, PHE13, LEU148
Compound 10 -8.4 GLN72, THR149, ASN9, ASN8, ARG11, GLU147, TRP12, ARG88
Compound 11 -7.4 THR149, GLU147, ILES85, ILE83, LYS75, LEU82, GLU84
Compound 12 -7.6 GLU84, ILE85, ARG11, LEU82, GLN72, GLU147

Compound 13 -8.2 ARG11, GLU147, GLN72, ILE85, GLU, LEU82

Compound 14 -7.4 ASNS8, THR149, GLU147, GLN72, LEU38, ARG66, ARG11
Compound 15 -7.5 ARG11, GLU147, LEU82, GLU84, GLN72, ILE85

Molecular Docking

e Docking of molecular Structure

N

Fig. 2: Binding interaction of Compound 1 (-8.7 Kcal/mol).
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Fig. 4: Binding interaction of Compound 3 (-8.7 Kcal/mol).
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Fig. 5: Binding interaction of Compound 4 (-8.8 Kcal/mol).
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Fig. 9: Binding interaction of Compound 8 (-8.1 Kcal/mol).
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Fig. 13: Binding interaction of Compound 12 (-7.6 Kcal/mol).
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Fig. 16: Binding interaction of Compound 15 (-7.5 Kcal/mol High)

Affinity Leads (Compound 6,4,1,3)

At —9.0 kcal/mol, compound 6 showed the highest binding affinity. Strong electronegative groups (fluorines) and a
main amide were coupled with the benzoxazine core to generate extremely stable hydrogen bonding networks and pi-pi
stacking interactions with LYS75, GLN72, and ILE85. Compound 4, which effectively used GLU147 and THR149 to
stabilize the complex, trailed closely at —8.8 kcal/mol. 18]

Moderate-Affinity Compounds

The binding affinities of compounds 5, 10, 7, 14, and 8 (-8.6 to -8.1 kcal/mol) were either somewhat better than or
equal to the standard. In contrast to the top leads, they encountered minor steric constraints but successfully anchored
within the active site.
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Lowest-Affinity Compound
Compound 2, which interacted with a different set of residues (ARG254, THR179), scored lower (-6.5 kcal/mol),
indicating a binding orientation that results in a larger entropic penalty in the targeted catalytic pocket.

3.2. Physicochemical and Drug-likeness Profiling

The proposed benzoxazine compounds largely follow Lipinski's rule of five, indicating good potential for oral

bioavailability, according to pharmacokinetic evaluation using SwissADME. 2]

Table 2: In Silico Physicochemical and ADME Properties.
Compound MW (g/mol) R%t;z?jkgle ATQS:{; drs %Oig?g TPSA (A?) | Lipinski/ Violations
Standard 428.91 30* 12 3 92.35 A2 Yes: 0 violation
Compound 1 462.40 7 8 4 100.20 A2 Yes: 0 violation
Compound 2 409.41 6 6 2 88.61 A2 Yes: 0 violation
Compound 3 527.45 8 6 3 39.92 Az Yes: 0 violations
Compound 4 527.45 8 11 3 39.92 Az Yes: 0 violation
Compound 5 383.35 4 11 3 102.16 A2 Yes: 0 violation
Compound 6 398.37 5 6 4 114.19 A2 Yes: 0 violation
Compound 7 43451 5 6 2 65.55 A2 No:1 violation
Compound 8 421.47 5 6 2 71.54 A2 Yes:0 violation
Compound 9 459.49 8 8 4 33.85 A2 No:1 violation
Compound0 380.38 5 5 4 114.19 A2 Yes:0 violation
Compound 11 418.65 2 5 0 80.71 Az Yes:0 violation
Compound 12 419.62 2 6 1 94.04 A2 Yes:0 violation
Compound 13 436.64 2 6 0 80.71 A2 Yes:0 violation
Compound 14 469.10 3 6 0 89.94 A2 Yes:0 violation
Compound 15 479.65 4 8 1 132.70 A2 Yes:0 violation

The strongest inhibitor, compound 6, supported favorable cell permeability with an ideal TPSA of 114.19 A2 a

molecular weight of 398.37 g/mol, and an outstanding physicochemical profile with zero Lipinski violations.

3.3. Toxicity Prediction

One major obstacle to early-stage medication development is toxicity. To forecast possible clinical viability, the

synthesized compounds' expected safety profile was assessed.

Table 3: Predicted Toxicity Parameters.

Compound | Bioavailability Score | AMES Toxicity | Hepatotoxicity | Skin Sensitization

Standard 0.55 No Yes No
Compound 1 0.55 No Yes No
Compound 2 0.55 No Yes No
Compound 2 0.55 No Yes No
Compound 3 0.55 No Yes No
Compound 4 0.55 No Yes No
Compound 5 0.55 No Yes No
Compound 6 0.55 No Yes No
Compound 7 0.55 No Yes No
Compound 8 0.55 No Yes No
Compound 9 0.55 No Yes No
Compound 10 0.55 No Yes No
Compound 11 0.55 No Yes No
Compound 12 0.55 No Yes No
Compound 13 0.55 No Yes No
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Compound 14 0.55 No Yes No
Compound 15 0.55 No Yes No

All 10 of the target compounds had a typical oral bioavailability score of 0.55. It is quite comforting that there was no
skin sensitization or AMES toxicity over the entire series. The expected hepatotoxicity is a common warning indication
for kinase inhibitors and emphasizes the necessity for focused administration or structural modification in subsequent

rounds.

3.4. In vitro Biological Evaluation (Proposal)

Based on the in-silico results, Compounds 6, 4, 1, and 3—the most potent benzoxazine derivatives—are chosen for in
vitro biological testing. To ascertain their inhibitory capability, these substances should first be examined utilizing
CDKJ9 enzyme inhibition tests. Additionally, the MTT assay should be used to assess cytotoxic activity on cancer cell
lines such as Hela or HL-60. Further research, including apoptosis detection, cell cycle arrest analysis, and gene
expression investigations (MYC and MCL-1 proteins), should be carried out to comprehend their process. Strong
docking scores, negligible AMES toxicity, and good drug-likeness demonstrated the compounds' suitability for

biological testing. Due to its strong contact with important CDK9 residues and maximal binding affinity of -9.0

kcal/mol, Compound 6 is predicted to have the highest activity of all.8*9!
3.5. Structure-Activity Relationship (SAR)
I
N Ny
P
R1 F
R2 O
N
H

i. Benzoxazine Core (Pharmacophore Region)

As the main pharmacophore, the benzoxazine core is crucial in defining the compounds' biological action. In the CDK9
active site, it facilitates hydrophobic interactions and n—n stacking with amino acid residues like ILE85 and PHE13. By
boosting lipophilicity and stabilizing interactions inside the binding pocket, halogen substituents on this core further
improve activity. Due to strong interactions with residues like LYS75, ILE8S, and GLN72, Compound 6 (—9.0
kcal/mol) showed the highest activity, followed by Compound 4 (—8.8 kcal/mol). Docking scores are significantly
lower for compounds with weaker interaction patterns, underscoring the significance of this fundamental structure.*!
Phenyl Ring Substitution (R?, R? Region)

The biological activity of the benzoxazine derivatives is greatly affected by substitution on the phenyl ring, which
modifies hydrophobic and electrical interactions. By increasing penetration into the hydrophobic pocket of CDK9 and
fortifying ligand—protein interactions, the presence of tiny electron-withdrawing groups like fluorine and chlorine at the
R! and R? locations improves binding affinity. Compound 6 (—9.0 kcal/mol), Compound 4 (—8.8 kcal/mol), and

Compounds 1 and 3 (—8.7 kcal/mol) are examples of high-activity compounds where halogen substitution led to better
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docking scores. Conversely, compounds with poor orientation or inadequate substitution, like Compound 2 (-6.5

kcal/mol), showed markedly decreased activity because of weaker contacts and poor fitting inside the active site.l:?

ii. Linker Region (-NH- Bridge)

A crucial structural element that is vital to sustaining biological activity is the —NH- linker. It stabilizes the ligand
inside the CDKS9 binding pocket by acting as a hydrogen bond donor and facilitating important interactions with hinge
area residues, especially GLN72. Strongly active compounds, like Compounds 6 and 4, preserve this linker and create
stable hydrogen bonding networks, leading to high binding affinities of —9.0 and —8.8 kcal/mol, respectively. Since
appropriate molecular orientation and interaction heavily depend on this functional group, any disruption or change of
this linker would probably decrease hydrogen bonding capability and adversely influence activity."!

iv. Pyrimidine Ring (Hinge Binding Region)

As the hinge-binding moiety, the pyrimidine ring is crucial for anchoring the molecule inside CDK9's ATP-binding site.
Strong interactions with important residues like GLN72 and ARG11 are made possible by its nitrogen atoms acting as
hydrogen bond acceptors. Through these interactions, compounds with optimal binding, such as Compound 6 (-9.0
kcal/mol) and Compound 3 (—8.7 kcal/mol), exhibit effective hinge binding, which contributes to their increased
activity. Conversely, Compound 2 (—6.5 kcal/mol) interacts with noncritical residues (such ARG254 and THR179),

indicating less hinge interaction and incorrect binding orientation, which ultimately reduces its inhibitory potential 22"

The SAR of this benzoxazine series that targets CDK9 can be further understood by analyzing the docking scores and

chemical structures:

Halogenation Enhances Binding

Compared to unsubstituted versions, the incorporation of strongly electronegative elements, especially fluorine atoms
(as demonstrated in Compounds 6, 4, 1, and 3), greatly increased binding energies. These halogens create stable dipole
contacts and enable deeper penetration into CDK9's hydrophobic region.?* %%

Hydrogen Bond Networks

The ligand-enzyme complex was effectively stabilized by compounds containing terminal amine or amide groups that
might function as multi-directional hydrogen bond donors (e.g., Compound 6), particularly engaging with important
hinge area residues like GLN72 and ARG11.

Table 4: Structural Substitutions and Corresponding Target Affinity.

R1-R2 Electronic Dock
Compound Group Structural and Binding Impact
. Nature Score
Substitution
Halogen substitution improves hydrophobic
R1: -NH- CO- Electron fitting in the CDK9 pocket and supports stable
Compound 1 NH- CH3 R2: - withdrawin -8.7 | interactions with GLU84, GLN72, ARGI11,
CF3 g GLU147, GLY145, and ILES85, giving strong
binding.
This compound binds in an improper
Weakly X X . . g
. orientation and interacts with noncritical
R1: -NH- CO- | favorable or :
Compound 2 NH- CH3 oorly oriented -6.5 | residues such as ARG254, ASN180, and
poorty THR179, so its affinity is much lower than the
electronic effect .
active analogs.
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The electron-withdrawing substitution helps

Compound 3 R1: -SO2- NH- | Electron g7 | Proper hinge-region anchoring and promotes
P CF3 R2: -NH2 withdrawing ' favorable contacts with GLY145, PHE13,
ILE85, ARG11, THR149 and GLN72.
R1: -CO- NH- Strong substitution pattern favors interaction
Compound 4 soé- CH3 Electron 88 with GLU147, THR149, GLN72, LYS75,
P i withdrawing ' ILE85 and GLY145, leading to a highly
R2: -OCF3 -
stabilized complex.
Mixed Shows good pocket anchoring and maintains
R: —-CONH:. + moderétel key contacts with ILE85, GLN72, LYS75,
Compound 5 | Fluoro on electron y -8.6 | GLY145, PHE13 and
phenyl : . ARG11, but with slightly less optimal fit than
withdrawing
the best leads.
) Strongly This is the best compound. The substituents
R: —-NH- CO- electron S
. . strengthen hydrophobic, dipolar and hydrogen-
NH: + Fluoro | withdrawing ¢ 2 : : .
Compound 6 substitution  on | with H-bondin -9.0 | bonding interactions, especially with LYS75,
g LEU82, GLN72, ILE83, ILE85, ARG11 and
phenyl character
. PHE13.
electronic effect
Moderately
R: -CH>— | electron- Binds reasonably well, but bulkier substitution
Compound 7 | N(CHs)- donating to | -8.1 | likely creates slight steric restriction, reducing
(piperazine ring) | neutral,  with affinity compared with Compounds 4 and 6.
steric effect
Moderately Maintains acceptable active-site anchoring
Compound 8 R: —CH2— electron 81 with LYS75, ILE85, GLN72 and GLU147, but
P Morpholine ring | donating to ' does not optimize interactions as efficiently as
neutral the top compounds.
R _CH.— SO, | Mixed Retains some essential contacts with
' ’ : . ILE83, GLU84, ILE85, GLN72, and
Compound 9 | NH- CH>—CH»>— | electronic -1.7 e .
X ARG11, but weaker overall stabilization gives
OH behaviour .
only moderate docking.
Electron Shows good hinge-region binding through
Compound 10 R: —-NH- withdrawin 8.4 GLN72, THR149, ASN9, ASN8, ARG11 and
P CO-NH: g ' GLU147. The polar group helps binding, but
/ polar
not as strongly as Compound 6.
) Weakly Maintains partial binding contacts, but reduced
R1: —-CH3 electron- L . .
Compound 11 : : . -7.4 | complementarity in the active site leads to
R2: -H withdrawing -
lower affinity.
/ neutral
. Forms some useful contacts with GLU84,
R1: - Weakly
ILE85, ARG11, LEU82, GLN72 and GLU147,
Compound 12 | CH(CHs) 2 electron- -7.6 oo
) . . though the substitution is not strong enough to
R2: -H withdrawing DA
maximize binding
Electron Gives binding comparable to the standard by
Compound 13 R1:-H withdrawin 8.2 maintaining hinge and hydrophobic pocket
P R2: -OH eutral “ | interactions with ARG11, GLU147, GLN72,
ILE85, GLUB84, and LEU82.
Mostly neutral The compound interacts with ASN8, THR149,
Compound 14 R1: -OCH3 with y 74 GLU147, GLN72, LEU38, ARG66, and
P R2: -NO2 ; ' ARG11, but binding is weakened by a less
steric penalty . -
favorable orientation.
. . Shows moderate activity by preserving some
Compound 15 le OCH3 Mixed . polar -7.5 | key contacts, but steric and orientation issues
R2: -Cl electronic effect

reduce overall binding efficiency.
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3.6. BOILED-Egg Predictive Model Analysis

Compound 4

]
Compound 3 Compound 6

o
Compound 1

Standard Comp.

Fig. 12: BOILED-Egg predictive model for the top-scoring benzoxazine derivatives (Compound 1,3,4,6) and the
Standard compound is CDK9-IN-23.

The pharmacokinetic behaviour of the chosen benzoxazine derivatives (Compounds 1, 3, 4, and 6), in contrast to the
conventional CDK9 inhibitor (CDK9-IN-23), was shown by the BOILED-Egg model and SwissADME analysis. The
majority of the assessed compounds were located in the white area of the BOILED-Egg plot, indicating good
gastrointestinal absorption. However, none of them significantly penetrated the yellow area, indicating low blood-brain
barrier permeability—a useful characteristic for anticancer drugs to prevent side effects related to the central nervous
system. With an appropriate TPSA (114.19 A2) and a superior docking score (—9.0 kcal/mol), Compound 6 showed the
best balance of lipophilicity and polarity among the series. It was followed by Compounds 4 (—8.8 kcal/mol), 1 (8.7
kcal/mol), and 3 (—8.7 kcal/mol), all of which outperformed the standard (—8.2 kcal/mol). Although minor
hepatotoxicity was seen, which is consistent with kinase inhibitors, SwissADME predictions further revealed that these
drugs meet Lipinski's rule of five, have adequate bioavailability (score ~0.55), and show no anticipated AMES toxicity,
indicating a satisfactory safety profile. Mechanistically, these benzoxazine derivatives decrease tumour cell
proliferation and promote death by targeting CDKO, a crucial regulator of transcriptional elongation implicated in
oncogene expression (such as MYC and MCL-1). Overall, the combined in silico results show that Compound 6 is a
promising lead candidate for additional in vitro and in vivo testing as a possible anticancer drug, followed by
Compounds 4, 1, and 3.1

4. CONCLUSION

This study successfully employed computational methods to evaluate a series of 10 novel benzoxazine derivatives as
potential CDK9 inhibitors. Several drugs outperform the conventional inhibitor CDK9-IN-23 in terms of binding
affinity, according to molecular docking against the CDK9 active site (PDB ID: 6GHZ). With a docking score of —9.0

kcal/mol, compound 6 proved to be the most effective candidate, forming crucial contacts with LYS75, GLN72, and
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ILE85. Additionally, Lipinski's Rule of Five is closely followed by the top leads, which have great theoretical
bioavailability and no AMES toxicity, according to predicted ADME profiling. These results imply that halogenated
benzoxazine scaffolds are extremely attractive and practical candidates for the creation of targeted treatments for
CDKO9-driven cancers. To verify these reliable in silico predictions experimentally, more in vivo research and in vitro

enzymatic tests are necessary.
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