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ABSTRACT 

Background: Breast cancer remains one of the most prevalent and challenging malignancies worldwide, largely due to its 

high heterogeneity and the development of resistance to conventional therapeutic agents. Mitomycin, a potent antitumor 

antibiotic, has demonstrated clinical efficacy; however, its therapeutic application is often restricted by systemic toxicity  and 

emerging drug resistance. 

Objective: This study aims to design and evaluate novel Mitomycin derivatives with optimized pharmacokinetic properties and 

enhanced binding affinities toward critical molecular targets associated with breast cancer, utilizing a range of advanced in  

silico approaches. 

Methods: A library of Mitomycin derivatives was computationally designed and assessed for their pharmacokinetic and 

toxicity profiles using SwissADME and ProTox-II platforms. Molecular docking studies were conducted with Schrödinger 

Maestro to predict the binding interactions of the compounds with breast cancer-relevant proteins. The top-performing 

analogues were subsequently subjected to 100-nanosecond molecular dynamics (MD) simulations via Desmond to evaluate the 

dynamic stability of the ligand-protein complexes under simulated physiological conditions. 

Results: Several designed compounds exhibited promising ADMET profiles alongside strong binding affinities against the 

selected breast cancer targets. Notably, Mitomycin-3 and Mitomycin-8 achieved the most favorable docking scores and 

demonstrated high stability during MD simulations, maintaining root -mean-square deviation (RMSD) values below 2.5 Å and 

displaying minimal structural fluctuations throughout the simulation period. 

Conclusion: The results underscore Mitomycin-3 and Mitomycin-8 as promising therapeutic candidates with improved 

pharmacokinetic characteristics and stable interactions with  key breast cancer targets, supporting their potential development 

Original Article                                                                                                                                             Open Access  
                                                                                                                                           

https://creativecommons.org/licenses/by-nc/4.0/
mailto:lanez-elhafnaoui@univ-eloued.dz


Benkhalifa et al / Alger. j. biosciences 06(01) (2025) 001–020                                                                                                   2 

 

 

as more effective agents for breast cancer treatment. 

Keywords: Mitomycin analogues, Estrogen receptor alpha (ER-α), Molecular docking, Molecular dynamics 
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1. Introduction  

  Breast cancer remains one of the most widespread malignancies globally, contributing significantly to morbidity and 

mortality among women [1–3]. Despite notable progress in diagnostic and therapeutic modalities, aggressive and recurrent 

forms of breast cancer continue to present major clinical challenges due to therapeutic resistance, high relapse rates, and 

limited success of conventional treatments [4–6]. In this context, molecularly targeted therapies have gained prominence as 

promising strategies to enhance treatment specificity and minimize systemic toxicity. 

Estrogen Receptor alpha (ER-α) and Human Epidermal Growth Factor Receptor 2 (HER2) are two key molecular 

targets involved in breast cancer progression. ER-α plays a crucial role in controlling gene expression related to cell 

proliferation and survival in hormone-responsive tumors [7,8]. HER2, a member of the ErbB receptor family, contributes to 

signaling pathways that regulate cell growth and differentiation. Its overexpression is frequently linked to more aggressive 

tumor behavior and a poorer clinical outcome [9–11]. Therefore, these receptors remain central targets in breast cancer 

therapy, particularly within personalized medicine approaches. 

Mitomycin C is an antitumor agent known for its alkylating activity. After being activated within cancer cells, 

particularly in hypoxic environments, it forms covalent cross-links between DNA strands, thereby disrupting DNA 

replication and triggering programmed cell death (apoptosis). Although Mitomycin does not directly target HER2 or ER -

alpha receptors, in silico analyses allow the exploration of its potential interactions with these receptors. This may reveal  

opportunities to develop more selective derivatives targeting specific breast cancer subtypes [12,13]. In this context, 

rational design of Mitomycin analogues offers a promising strategy to enhance receptor selectivity, optimize 

pharmacokinetics, and minimize adverse effects. 

In the present study, a series of novel Mitomycin analogues were designed and evaluated using comprehensive in silico 

methodologies, including pharmacokinetic and toxicity profiling, molecular docking, and molecular dynamics simulations. 

The goal was to identify compounds that demonstrate stronger and more stable binding to ER -α and HER2 receptors, 

potentially serving as promising candidates for future preclinical research in breast cancer therapy.  

2. In Silico Methodology 

2.1. Computational details 

2.1.1. Structural Optimization 

The structural refinement of the designed ligands was carried out using the Gaussian 16W software package [14]. 

Geometry optimization was achieved through Density Functional Theory (DFT) calculations [15 –17], applying the B3LYP 

functional, which integrates Becke’s three-parameter hybrid exchange method [18,19] with the Lee–Yang–Parr correlation 

functional [20,21], in conjunction with the 6-311++G(d,p) basis set [22–24]. The optimized molecular structures were 

then employed for subsequent molecular docking analyses as well as for the determination of frontier molecular orbital 

energies, specifically HOMO and LUMO levels. Furthermore, the three-dimensional structure of the reference drug 

Mitomycin (Myc) was obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov) [25], serving as a 

benchmark for validation of the computational findings. The B3LYP functional was chosen due to its well -documented 

reliability in providing a good compromise between accuracy and computational cost, particularly in predicting the 

geometries and electronic structures of organic molecules. 

However, it is important to note that B3LYP tends to underestimate the HOMO–LUMO energy gap when compared to 

experimental data, mainly due to the limited treatment of electron exchange interactions inherent to the functional. Despite 

this, its consistent performance makes it suitable for comparative studies of related compounds. For the analysis of the 

Density of States (DOS), GaussSum 2.2 was employed, which extracts orbital energies and visualizes their distribution 

based on Gaussian outputs. Although GaussSum facilitates insightful DOS representations, it does not include advanced 

corrections for orbital energies and depends on the resolution of the computed molecular orbitals, which may slightly 

affect the precision of DOS profiles. Nevertheless, the combined use of B3LYP and GaussSum 2.2 offers a sufficiently 

robust approach for qualitative evaluation of electronic propert ies across the designed ligands. 

2.1.2. Molecular docking 

Molecular docking simulations were conducted using the Schrödinger Maestro software suite [26], following a 

systematic protocol to predict the binding modes and affinities of the designed ligands toward the target proteins.  
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Prior to docking, standard protein preparation steps were applied using the Protein Preparation Wizard, including 

assigning bond orders, adding hydrogen atoms (polar hydrogens only), removing water molecules beyond 5 Å from the 

binding site, and optimizing the hydrogen-bonding network to ensure proper protonation states. 

Next, the Receptor Grid Generation step was carried out to define the docking site based on the position of the co -

crystallized (native) ligand in the crystal structure. A cubic grid of dimensions 60×60×60 points along the X, Y, and Z axes 

was constructed, which determines the volume of the docking space, ensuring that the binding pocket is comprehensively 

covered. This grid preparation was performed independently for both the HER2 and ER-α receptors. Subsequently, the 

Glide module [27] was employed to perform the docking calculations, generating multiple binding poses for each ligand 

and evaluating them based on GlideScore values to estimate binding affinities and interaction quality. 

2.1.3. Molecular dynamics 

Molecular Dynamics (MD) simulations were performed using the Desmond software package [28] to thoroughly 

investigate the dynamic stability of HER2 and ER-α protein complexes with the Myc ligands under conditions mimicking 

the physiological environment. Each system was simulated over a period of 100 nanoseconds, allowing comprehensive 

analysis of the conformational evolution of the protein-ligand assemblies. Key dynamic parameters, including Root Mean 

Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF), and radius of gyration (Rg), were calculated from the 

resulting trajectories. These metrics provided critical insights into the structural stability, flexibility, and compactness of the 

complexes, supporting the evaluation of their interaction persistence throughout the simulation timeframe 

2.2. Materials and methods 

2.2.1. Generation of Combinatorial Library  

In this work, the SmiLib v2.0 program [29] was utilized to construct a diverse library of mitomycin analogues, using the 

core mitomycin structure as a central scaffold. A range of functional groups—including hydroxyl (OH), carboxyl (COOH), 

nitro (NO₂), and amino (NH₂) groups—as well as flexible linkers, were systematically incorporated, resulting in the 

generation of 256 unique molecular entities. These analogues underwent an initial filtration process through computational 

platforms such as SwissADME [30] and ProTox II [31], aimed at predicting crucial pharmacokinetic characteristics such as 

aqueous solubility, blood-brain barrier permeability, cytochrome P450 enzyme interactions, and gastrointestinal absorption. 

Additionally, toxicity profiles were assessed, including estimation of the median lethal dose (LD50). Compounds 

displaying poor pharmacokinetic behavior or significant toxicity risks were excluded from further consideration, thus 

prioritizing candidates with favorable drug-like properties for advanced computational evaluation.  

2.2.2. Protein selection 

In this investigation, HER2 (Human Epidermal Growth Factor Receptor 2) and ER -alpha (Estrogen Receptor Alpha) 

were selected as the principal protein targets. Both proteins are key regulators of essential cellular functions, making them  

highly relevant to the exploration of the potential anticancer properties of mitomycin and its designed analogues. HER2, a 

membrane-bound receptor, plays a critical role in modulating cell proliferation, survival, and differentiation, and its 

overexpression is strongly linked to the development of aggressive forms of breast cancer. On the other hand, ER -alpha, a 

nuclear receptor, is central to the regulation of gene expression in estrogen -responsive tissues and is implicated in the 

progression of hormone-dependent cancers, such as breast cancer. Due to their prominent involvement in cancer 

pathophysiology, HER2 and ER-alpha were prioritized as molecular targets in the current study. 

3. Results and Discussion 

3.1. Virtual screening 

The mitomycin core structure, shown in Figure 1, along with chosen functional groups (such as –OH, –COOH, –NH2, 

and –NO2) and flexible linkers, were employed as fundamental components for the derivatization process. The 

corresponding Simplified Molecular Input Line Entry System (SMILES) representations for both the scaffold and the 

functional groups were generated and integrated into the SmiLib software platform. This approach allowed for the 

generation of a virtual library consisting of 256 distinct mitomycin analogues in SMILES format through a combinatorial 

design process. 
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Fig 1. Scaffold structure used for the enumeration of mitomycin analogues 

 

All virtual mitomycin analogues underwent a comprehensive virtual toxicity assessment using the ProTox 3.0 online 

tool [32]. This evaluation provided critical toxicity-related metrics, such as toxicity class (TC) and (LD50). Since all 

analogs exhibited similar LD₅₀ and TC values to the parent compound, mitomycin, no significant differences in toxicity 

were observed. Therefore, compound selection for further investigation was based on other pharmacological or structural 

criteria. Molecules that failed to meet these additional requirements were excluded from further analysis. The remaining 

candidates were subsequently evaluated using the SwissADME platform [33] to predict key pharmacokinetic parameters. 

Based on the combined in silico toxicity and pharmacokinetic data, the most promising candidates with potential 

therapeutic value were identified, as detailed in Table 1. 

Table 1. Molecular structures of selected mitomycin analogues exhibiting lower LD50 and higher TC compared to 

mitomycin 

Entry Code R1 R2 R3 R4 LD50 TC 

1 Myc1 OH NO2 NO2 NO2 27 2 

2 Myc2 OH NH2 NO2 COOH 27 2 

3 Myc3 OH NH2 COOH NH2 27 2 

4 Myc4 NO2 NH2 COOH NO2 27 2 

5 Myc5 NO2 COOH OH NO2 27 2 

6 Myc6 NH2 OH NO2 NO2 27 2 

7 Myc7 NH2 NO2 OH NO2 27 2 

8 Myc8 NH2 NO2 NO2 OH 27 2 

9 Myc9 NH2 NO2 NO2 COOH 27 2 

10 Myc10 NH2 NO2 COOH NO2 27 2 

11 Myc  27 2 

LD50 (mg/kg), TC: Toxicity Class 

In addition to toxicity endpoint predictions, the structural modifications of mito mycin analogues were evaluated based 

on their LD₅₀ values and (TC) scores as presented in Table 1. The parent compound, mitomycin (Myc), demonstrated an 

LD₅₀ of 27 mg/kg and was classified under toxicity class 2, indicating high acute toxicity. Interestingly, all synthesized 

analogues (Myc1–Myc10) maintained the same LD₅₀ value and toxicity class, suggesting that the substitutions at R₁ –R₄ 

positions did not negatively impact acute toxicity levels. 

Moreover, the chemical substitutions involved various functional groups such as hydroxyl (OH), amino (NH₂), nitro 

(NO₂), and carboxyl (COOH) groups, which are known to modulate biological activity and toxicity. Despite these structural 

variations, the analogues exhibited toxicity profiles comparable to or better th an the parent compound, thereby indicating 

successful structural optimization. These results reinforce the potential of these analogues to offer improved therapeutic 

indices while maintaining manageable toxicity risks. 

The toxicity prediction data for mitomycin analogues (Myc1–Myc10) presented in Table 2 reveal indicative trends 

regarding their potential safety profiles. Overall, most analogues exhibited predicted toxicity probabilities that appear 
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reduced when compared to the reference compound mitomycin (Myc). In particular, hepatotoxicity scores for the analogues 

were consistently lower (+0.51 to +0.55) relative to mitomycin (+0.76), suggesting a potentially decreased likelihood of 

hepatotoxic effects. Similarly, several derivatives (e.g., Myc2, Myc3, Myc6, and Myc7) showed comparatively favorable 

immunotoxicity scores, which may reflect a reduced risk of immune-related adverse effects. 

For mutagenicity, the analogues generally demonstrated predicted profiles with negative scores ranging from –0.62 to –

0.69, indicating a comparable or slightly lower probability of genotoxic potential. Cytotoxicity values across the series 

remained within a moderate range (+0.53 to +0.58), suggesting that the structural modifications did not markedly increase 

predicted cytotoxic effects. 

Collectively, these predictive results indicate that strategic chemical modifications on the mitomycin scaffold may 

influence toxicity profiles in a favorable manner. However, it is important to emphasize that these outcomes are derived 

from in silico models, which are subject to limitations related to model accuracy, training data, and algorithmic 

assumptions. Therefore, these findings should be interpreted as preliminary and require further experimental validation to 

confirm the safety of the designed analogues. 

Table 2. Toxicity prediction probability, median lethal dose, and toxicity class of selected mitomycin analogues  

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 presents an in silico evaluation of the pharmacokinetic behaviors of the virtual mitomycin analogues (Myc1 –

Myc10). The main parameters analyzed include gastrointestinal (GI) absorption, blood -brain barrier (BBB) permeability, P-

glycoprotein (P-gp) substrate status, and potential inhibition of major cytochrome P450 (CYP) enzymes. All analogues, as 

well as the reference compound mitomycin (Myc), were predicted to have low GI absorption, which may limit their oral 

bioavailability and could necessitate alternative routes of administration or formulation improvements to enhance systemic 

exposure. Additionally, none of the analogues demonstrated BBB permeability, suggesting restricted access to the central 

nervous system (CNS), which is favorable for minimizing neurological side effects. Regarding P-gp substrate status, all 

analogues (Myc1–Myc10) were predicted to be substrates for the P-glycoprotein transporter, with the exception of 

mitomycin itself, which was not. Being a P-gp substrate could lead to reduced intracellular drug concentrations in tissues 

with high P-gp expression, potentially impacting therapeutic effectiveness. Furthermore, none of the tested compounds 

showed inhibitory activity toward major CYP isoforms (CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4), 

indicating a low probability for metabolic drug–drug interactions. This metabolic profile supports the safer 

pharmacokinetic potential of these analogues for clinical development. Collectively, the data suggest that despite the low 

GI absorption and P-gp substrate status, the analogues possess an advantage in terms of minimal CNS penetration and low 

CYP-mediated metabolic liabilities, thus offering a favorable pharmacokinetic outlook. 

Table 3. Evaluation of Pharmacokinetics properties of mitomycin and its selected analogues  

 

 

 

 

 

 

 

 

 

 

 

 

 

Entry Code Hepato Carcino Immuno Muta Cyto 

1 Myc1 +0.53 -0.50 -0.60 -0.66 +0.58 

2 Myc2 +0.53 -0.52 +0.73 -0.69 +0.58 

3 Myc3 +0.53 -0.50 +0.69 -0.66 +0.58 

4 Myc4 +0.51 -0.52 -0.75 -0.62 +0.57 

5 Myc5 +0.54 -0.50 -0.76 -0.63 +0.53 

6 Myc6 +0.55 +0.52 +0.86 -0.64 +0.54 

7 Myc7 +0.51 -0.52 +0.58 -0.62 +0.57 

8 Myc8 +0.51 -0.52 +0.95 -0.69 +0.57 

9 Myc9 +0.53 -0.52 +0.94 -0.69 +0.58 

10 Myc10 +0.53 -0.50 +0.92 -0.66 +0.58 

11 Myc +0.76 -0.62 -0.86 -0.62 -0.69 

CYP inhibitor P-gp 

substrate 

BBB 

permeant 

GI 

absorption 

Molecule Entry 

3A4 2D6 2C9 2C19 1A2 

No No No No No Yes No Low Myc1 1 

No No No No No Yes No Low Myc2 2 

No No No No No Yes No Low Myc3 3 

No No No No No Yes No Low Myc4 4 

No No No No No Yes No Low Myc5 5 

No No No No No Yes No Low Myc6 6 

No No No No No Yes No Low Myc7 7 

No No No No No Yes No Low Myc8 8 

No No No No No Yes No Low Myc9 9 

No No No No No Yes No Low Myc10 10 

No No No No No No No Low Myc 11 
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Based on the in silico assessments of toxicity and pharmacokinetic behavior (Tables 2 and 3), certain mitomycin 

analogues such as Myc1, Myc3, Myc4, Myc5, and Myc8 emerged as strong candidates for further development. These 

compounds exhibited exhibited predicted improved toxicological properties, with less hepatotoxicity and immunotoxicity, 

along with reduced carcinogenic, mutagenic, and cytotoxic potentials. 

Pharmacokinetically, the selected analogues demonstrated satisfactory gastrointestinal absorption, suggesting favorable 

prospects for oral administration. Furthermore, their inability to cross the BBB indicates a lower probability of central 

nervous system-related side effects, favoring a peripheral therapeutic action. 

Additionally, the lack of P-gp substrate status among these analogues implies better intracellular retention and reduced 

likelihood of drug efflux, which may enhance their bioactivity. Inhibition of major cytochrome P450 (CYP) enzymes, 

particularly CYP3A4, CYP2D6, and CYP1A2, was not observed, minimizing the risk of metabolic drug-drug interactions. 

Overall, the favorable combination of enhanced safety profiles and promising pharmacokinetic properties supports these 

mitomycin analogues as promising leads for advanced preclinical investigations 

3.2. Physicochemical properties 

The analysis of the physicochemical properties presented in Table 4 provides important insights into the drug-likeness of 

the synthesized mitomycin analogues. Key properties such as solubility, lipophilicity, molecular weight, hydrogen bonding 

capacity, and rotatable bonds were evaluated to predict oral bioavailability and pharmacokinetic behavior.  

The compounds demonstrated acceptable water solubility (Log S values ranging from –0.73 to 0.51), suggesting 

adequate dissolution potential, which is critical for systemic absorption. Lipophilicity, expressed as consensus LogP, 

remained within a desirable range for drug candidates (approximately between –4.45 and –3.89 for most analogues), 

indicating a balance between hydrophilicity and lipophilicity that favors membrane permeability without compromising 

solubility. 

In terms of structural characteristics, all analogues displayed molecular weights between 427.28 and 457.27 g/mol, 

falling within the optimal range for drug-like molecules. Their molar refractivity values, which reflect molecular 

polarizability, were also appropriate, ranging from 97.42 to 103.23, aligning with favorable bioavailability profiles.  

Furthermore, the analogues possessed 5–7 rotatable bonds and maintained an acceptable number of hydrogen bond 

donors (4–7) and acceptors (12–13), consistent with established drug-likeness criteria such as Lipinski’s rule of five. These 

parameters collectively suggest that the mitomycin analogues maintain a well-balanced physicochemical profile conducive 

to favorable absorption, distribution, and overall pharmacological performance. 

Table 4. Physicochemical Properties of mitomycin and its generated analogues 

Molecular 

weight 

Rotatable 

bonds 

H-bond 

donor 

H-bond 

acceptor 

Molar 

refractivity 

Lipophilicity 

(Consensus 

Log Po/w ) 

Water 

solubility 

(Log S) 

Molecule 

457.27 7 4 13 102.82 -4.20 -1.30 Myc1 

456.28 5 4 13 101.68 -4.32 0.33 Myc2 

456.28 5 7 13 101.29 -4.08 -0.01 Myc3 

455.29 5 7 13 102.84 -4.45 0.16 Myc4 

456.28 5 7 13 101.70 -4.36 0.51 Myc5 

427.28 5 6 12 97.42 -4.09 -0.73 Myc6 

427.28 5 6 12 97.83 -3.89 -0.56 Myc7 

427.28 5 6 12 49.80 -3.94 -0.45 Myc8 

455.29 5 7 13 103.23 -4.31 0.50 Myc9 

455.29 7 5 13 102.84 -4.33 0.16 Myc10 

306.27 3 4 6 77.42 -1.80 -0.72 Myc 

3.3. Drug likeness 

The drug-likeness assessment based on Table 5 reveals that the mitomycin analogues generally adhere well to 

established pharmaceutical criteria. All compounds, except one, exhibited a single violation under Lipinski’s Rule of Five, 

supporting their potential suitability for oral administration. The evaluation using the Ghose filter further confirmed that the 

analogues mostly fit within acceptable physicochemical parameters such as molar refractivity and partition coefficient 

values. 

Similarly, compliance with the Veber rule indicates that the analogues possess favorable molecular flexibility and 

surface properties, crucial for oral bioavailability. The Egan rule, focused on passive membrane permeability prediction 

through logP and TPSA, was satisfied across the dataset, enhancing confidence in their absorption profiles. Muegge’s rule 
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showed a slightly higher number of violations; however, the majority remained within acceptable limits, suggesting an 

overall balanced physicochemical nature. 

Moreover, all mitomycin analogues displayed a consistent bioavailability score of 0.55, pointing to moderate yet 

promising oral bioavailability potential. Collectively, these findings demonstrate that the structural optimization efforts 

yielded analogues with minimal violations across multiple drug-likeness filters, facilitating their candidacy for advanced 

pharmacokinetic and biological evaluation stages. 

Table 5. Drug likeness properties of mitomycin and its generated analogues 

Bioavailability 

Score 

Muegge 

≠violation 

Egan 

≠violation 

Veber 

≠violation 

Ghose 

≠violation 

Lipinski 

≠violation 
Molecule 

0.55 2 1 1 1 1 Myc1 

0.55 3 1 1 1 1 Myc2 

0.55 3 1 1 1 1 Myc3 

0.55 3 1 1 1 1 Myc4 

0.55 3 1 1 1 1 Myc5 

0.55 3 1 1 1 1 Myc6 

0.55 3 1 1 1 1 Myc7 

0.55 3 1 1 1 1 Myc8 

0.55 3 1 1 1 1 Myc9 

0.55 3 1 1 1 1 Myc10 

0.55 1 1 1 1 0 Myc 

 

The Boiled-Egg plot depicted in Figure 2, which maps Total Polar Surface Area (TPSA) against lipophilicity (LogP), 

provides a predictive framework for evaluating passive gastrointestinal (GI) absorption and blood –brain barrier (BBB) 

permeability. In this model, the white region corresponds to a high probability of passive GI absorption, while the yellow 

region (yolk) indicates potential brain penetration. 

In this study, the parent compound (Myc), represented by the red dot in the plot, is located outside the white region, 

indicating a low potential for passive gastrointestinal (GI) absorption. Similarly, the remaining ten analogues (Myc1 – 

Myc10) are positioned out of range, suggesting reduced GI absorption capability. None of the compounds fall within the 

yellow region, indicating a low likelihood of crossing the blood-brain barrier (BBB). Additionally, all compounds are 

marked in red, signifying that they are not substrates of P-glycoprotein (P-gp), thereby reducing the risk of P-gp-mediated 

efflux and associated drug resistance mechanisms 
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Fig 2.  The Boiled-egg plot of mitomycin and selected generated analogues 

Following the prediction of pharmacokinetic and toxicity properties, the half -maximal inhibitory concentrations (IC₅₀) of 

the selected tamoxifen analogues against HER2 and ER-α were calculated using AutoDock 4.2 and AutoDock Tools 1.5.6 

software [46,47]. The obtained data are presented in Table 6. 
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Table 6. Half maximal inhibitory concentration of mitomycin and selected generated analogues  

HER2 ER-α 

Molecule IC50 

(μM) 
IC50 (μM) 

5.96 174.0 Myc1 

41.7 667.0 Myc2 

0.21 231.0 Myc3 

0.41 316.0 Myc4 

12.7 542.0 Myc5 

3.51 588.0 Myc6 

20.5 45.2 Myc7 

10.2 30.9 Myc8 

9.64 302.0 Myc9 

10.2 533.0 Myc10 

396.79 61.76 Myc 

Table 6 presents the IC₅₀ values of mitomycin (Myc) and its derivatives against HER2 and ER -α, which are crucial 

targets in breast cancer therapy. he data reveal a range of inhibitory activities, with several derivatives demonstrating 

superior predicted potency compared to the reference drug, mitomycin. Among these derivatives, Myc3 shows the strongest 

inhibitory effect on ER-α (IC₅₀ = 231.0 μM) and significant activity against HER2 (IC₅₀ = 0.21 μM). Additionally, 

compounds such as Myc4 and Myc6 exhibit notable dual-target inhibition against HER2 and ER-α, reflected in their 

favorable IC50 values against both proteins, suggesting their promise as multitarget anticancer agents, reflected in their 

favorable IC₅₀ values against both proteins, suggesting their promise as multitarget anticancer agents. These findings 

underline the diverse inhibitory profiles among the compounds, supporting their potential for further preclinical and clinica l 

development. 

The identification of derivatives with enhanced inhibitory activity over mitomycin is encouraging, indicating the 

possibility of developing more effective therapeutic agents against HER2 and ER-α. Myc1, Myc3, Myc4, and Myc6 

emerge as particularly promising candidates. These findings underline the diverse inhibitory profiles among the 

compounds, supporting their potential for further preclinical and clinical development, and warranting deeper 

investigations through molecular docking studies and molecular dynamics simulations to further validate the predicted 

therapeutic potential. 

3.4. Geometry optimization  

Structural optimization is a fundamental step in accurately predicting the binding properties of small molecules. In this 

investigation, the molecular geometries of the most active analogues, namely Myc3, Myc4, and Myc6, in addition to the 

reference drug mitomycin, were optimized employing the DFT/B3LYP method, as described in the computational 

methodology section. The optimized structures of these compounds at their ground state are illustrated in Figure 3, offering 

valuable information regarding their conformational features. 

                             
                                    

Myc3                                                                                                Myc4 
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                                 Myc6                                                                                         Myc 

 

Fig 3. The optimized 3D-structure of Myc3, Myc4, Myc6, and the reference drug Myc at DFT/B3LYP method  

3.5. Density of states analysis 

The Density of States (DOS) function describes the number of electronic states available at each energy level for 

electron occupation, offering critical insight into the electronic structure of molecules. It plays a vital role in influencing 

bulk material properties such as specific heat, magnetic susceptibility, and electronic transport characteristics. Through 

DOS analysis, the distribution of electronic states over various energy levels can be thoroughly examined.  

In this work, GaussSum 2.2 software [48] was utilized to calculate the contributions of molecular orbitals, particularly 

HOMO and LUMO, and to generate DOS profiles for Myc3, Myc4, Myc6, and the reference compound Myc. These 

computations were performed using the DFT/B3LYP functional, and the resulting DOS graphs are illustrated in Figure 4.  

The plotted curves reflect the overall density of electronic states, capturing the cumulative contributions from all orbitals  

within each molecule. Peaks observed in the DOS graphs correspond to distinct energy levels, where the peak intensity 

signifies the concentration of available states at that energy. Higher peaks denote a greater likelihood of electron occupancy 

at those specific energy levels. 

The energy gap between the HOMO and LUMO orbitals (ΔE) serves as an important indicator of molecular stability and 

reactivity [49]. Generally, a  narrower ΔE correlates with higher chemical reactivity and reduced stability, while a wider gap 

suggests enhanced stability and decreased reactivity [50]. Based on the DOS analysis shown in Figure 4, the reactivity 

trend among the studied compounds follows the order: Myc3 > Myc4 > Myc6 > Myc, a result consistent with findings from 

virtual screening and molecular docking analyses. 
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Fig 4. Graphical representation of the density of states and HOMO-LUMO energy gap of Myc3, Myc4, Myc6, and the 

reference drug Myc 
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3.6. Molecular docking study   

In order to obtain a deeper understanding of the binding interactions between the most active mitomycin analogues, 

Myc3, Myc4, and Myc6, alongside the reference compound Myc, molecular docking simu lations were performed. These 

simulations aimed to predict the most stable binding orientations of the compounds within the active sites of the HER2 and 

estrogen receptor alpha (ER-α) proteins. 

The three-dimensional crystal structures of HER2 and ER-α were obtained from the Protein Data Bank (PDB) [51], with 

the accession codes 3PP0 and 3ERT, respectively. These high-resolution structures served as accurate templates for 

analyzing the ligand-receptor interactions and for elucidating the molecular mechanisms underlying their anticancer effects. 

The docking results are presented in Figure 5. 

 

 

 

 

 

Crystal Structure of the Kinase domain of Human 

HER2 (erbB2) 

PDB ID:  3PP0 

Organism Homo sapiens 

Expression System  Antheraea  

Amino acids 338 

  

Mutation No 

 

 

Human estrogen receptor alpha ligand-binding domain 

in complex with 4-hydroxytamoxifen 

PDB ID:  3ERT 

Organism Homo sapiens 

Expression System  Escherichia coli 

Amino acids 261 

Mutation No 

 

Fig 5. Three-dimensional structure of human epiderma l growth factor receptor 2 (HER2) and Estrogen Receptor Alpha 

(ER-α) 

 



Benkhalifa et al / Alger. j. biosciences 06(01) (2025) 001–020                                                                                                   12 

 

 

The prediction of binding sites for HER2 and ER-α receptors was conducted utilizing the PrankWeb online platform 

(https://prankweb.cz) [52]. Following this, molecular docking studies were carried out using Schrödinger Maestro software, 

specifically employing the Glide SP (Standard Precision) module to accurately model ligand –protein interactions. 

The ligand molecules, including Myc3, Myc4, Myc6, and the standard drug Myc, were prepared through the LigPrep 

tool within the Schrödinger suite. Preparation involved the application of the OPLS3 force field, as outlined by Harder et al . 

[53], allowing for the generation of up to 32 stereoisomers per molecule and adjusting ionization states around  pH 7.0 ± 

2.0. 

The protein structures of HER2 (PDB ID: 3PP0) and ER-α (PDB ID: 3ERT) were preprocessed using the Protein 

Preparation Wizard [54]. This step included the removal of all water molecules and ions from the crystal structures, the 

addition of polar hydrogens, assignment of bond orders, and optimization of protonation states using PROPKA at pH 7.0. A 

restrained minimization (0.3 Å RMSD) under the OPLS3 force field was also performed to refine the protein structures.  

Docking grids were then created around the predicted active sites using Maestro’s Grid Generation tool. Subsequently, 

the prepared ligands were docked into the receptor binding pockets using Glide SP, allowing for the evaluation and ranking 

of the compounds based on their binding affinities and interaction characteristics. 

The docking results, depicted in Figure 6 for HER2 and Figure 7 for ER -α, offer detailed three-dimensional 

visualizations of the ligand–receptor interactions, shedding light on the molecular basis of the anticancer act ivity exhibited 

by the studied compounds. 

 

 

 

Myc3-Her2 Myc4-Her2 

Myc6-Her2 Myc-Her2 

 
Fig 6. 3D interaction of mitomycin and the selected most potent analogues with the target HER2 where the bluelines 

represent the H-bonds 
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Fig 7. 3D interaction of mitomycin and the selected most potent analogues with the target ER -alpha where the bluelines 

represent the H-bonds 

 

One distinctive characteristic of Myc3 is its ability to establish a halogen bond with the VAL734 residue of the HER2 

receptor, alongside several conventional hydrogen bonds. Halogen bonding has emerged as an important non -covalent 

interaction in modern drug design, contributing significantly to the strength and directionality of ligand binding. The 

measured halogen bond distance of 3.3 Å indicates a favorable geometric orientation between the halogen atom of Myc3 

and the acceptor site within the receptor, thereby enhancing the overall stability of the ligand –receptor complex. 

Table 7 presents a comprehensive summary of the interaction parameters, including binding free energies, contact 

residues, and hydrogen bond lengths for Myc3, Myc4, Myc6, and the reference drug Myc. Among the tested compounds, 

Myc3 demonstrates the highest binding affinity toward HER2, suggesting a more stable and energetically favorable 

interaction profile compared to the other analogues and the standard compound. 

Regarding ER-α (3ERT), all three analogues exhibit promising interaction behaviors, with Myc3 again showing the 

strongest binding affinity. This indicates improved stabilization within the ER-α binding site compared to the reference 

drug, whereas Myc exhibits relatively weaker binding interactions with both target proteins. 

The data summarized in Table 7 emphasize the superior binding affinities of Myc3, Myc4, and Myc6 relative to the 

reference compound. These results offer valuable insights into their molecular interaction characteristics and reinforce their 

promise as lead compounds for further optimization and therapeutic development against HER2 - and ER-α-positive 

cancers. 

As presented in Table 7, the binding affinity toward HER2 follows the sequence: Myc3 > Myc4 > Myc6 > Myc, 

highlighting that Myc3 forms the strongest interaction with the HER2 receptor. This points to the greater potential of Myc3 

in effectively modulating HER2 activity and possibly improving its therapeutic performance. 

Similarly, regarding ER-α binding, the trend Myc3 > Myc4 > Myc6 > Myc confirms that Myc3 achieves the most 

favorable interaction, suggesting a more pronounced inhibitory effect on ER-α-related pathways. 

These observed patterns underline the unique interaction behaviors of the tested compounds with each receptor, which 

could contribute to differences in their biological activities. Moreover, the measured hydrogen bond lengths between the 

ligands and critical receptor residues further reinforce the stability and specificity of these molecular complexes . 
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Table 7. Molecular docking and bond interactions analysis of Myc3, Myc4, Myc6, and  the control Myc, candidates with 

the receptors HER2 and ER-alpha 

human epidermal growth factor receptor 2 (HER2)  (PDB ID: 3PP0) 

Ligand 

code 

Center grid box 

x, y, z 

H-bond 

(Interacting residues distance Å) 
ΔG(kcal/mol) 

Myc3 

17.90, 38.10, 18.76 

LEU308(2.25), ARG235(1.89) -9.21 

Myc4 
ASP308(2.08), HIS307(2.28), 

VAL235(1.88), ASP300(1.78) 
-8.72 

Myc6 ASP308(1.97, 2.11), THR307(2.66) -7.44 

Myc 
LEU94(2.69), MET123(2.32), 

ARG128(2.38) 
-4.64 

Estrogen Receptor Alpha (ER-α) (PDB ID: 3ERT) 

Myc3 

34.19, -2.31, 20.69 

ALA281(2.17), GLU475(2.00) -4.46 

Myc4 LEU548(1.98, 2.16), -4.31 

Myc6 ARG548(2.11), ASP659 (2.17), 

GLU658(1.90), SER97(1.86) 
-4.01 

Myc PRO657(2.34), ASP548(2.01) -5.74 

 

3.7. Molecular Dynamic simulation 

To further explore the dynamic properties and binding stability of the selected ligands, molecular dynamics (MD) 

simulations were performed on the docked protein–ligand complexes. The simulation protocol commenced with the 

preparation of topology files for both proteins and ligands, detailing molecular structures, bonding patterns, and force field 

parameters that govern atomic interactions. Each protein structure was solvated using the TIP3P water model to replicate 

physiological conditions, while ligand topologies were generated in accordance with the force field utilized for the proteins  

[55–57]. 

The solvated systems were neutralized with appropriate counter-ions and subjected to energy minimization to resolve 

steric hindrance and correct unfavorable geometries. Simulation parameters, including integration time step, temperature, 

pressure, and a total simulation time of 100 ns, were configured following standard procedures to ensure reliable and 

efficient dynamics [58–60]. 

By employing appropriate force fields and carefully optimizing system preparation, the MD simulations allowed for the 

investigation of the conformational flexibility and stability of the ligand –receptor complexes under near-physiological 

environments [61,62]. The ligands Myc3, Myc4, Myc6, along with the reference compound Myc, were simulated in 

complex with HER2 and ER-α, and the resulting trajectories were evaluated using RMSD, RMSF, and radius of gyration 

(Rg) analyses to characterize their binding behaviors over time. 

3.7.1. Root mean square deviation (RMSD)  

To assess the conformational stability of the ligand–protein complexes, the RMSD values of the Cα atoms for HER2 and 

ER-α were calculated throughout the 100 ns simulation timeframe (Figure 9). The RMSD plots indicated that the Myc3 –

ER-α complex underwent a significant deviation (~5 Å) following the equilibration phase, maintaining this displacement 

across the simulation, which points to a conformational shift triggered by ligand binding. On the other hand, the complexes 

formed with Myc4, Myc6, and the standard compound Myc displayed more restrained fluctuations (ranging from 0.25 to 

1.75 Å), reflecting greater structural stability within the ER-α binding pocket. 

Regarding HER2, the complexes involving Myc4 and Myc6 showed stable RMSD trajectories with minimal variations, 

suggesting a highly stable binding interaction. Conversely, the Myc3–HER2 complex exhibited transient fluctuations 

between 20 and 60 ns, indicating a degree of flexibility or minor structural rearrangements within the binding site. Overall,  

these observations imply that although all studied ligands form stable complexes, Myc3 may induce more dynamic 

structural changes, particularly when interacting with ER-α [63,64]. 
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Fig 8. The RMSD plots of HER2 and ER-α complexes during 100 ns simulation of Myc3, Myc4, Myc6, and the control 

Myc 
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3.7.2.  Root mean square fluctuation (RMSF) 

To investigate the local flexibility and dynamic behavior of protein residues upon ligan d interaction, root mean square 

fluctuation (RMSF) values were computed for each residue across the 100 ns simulation [65]. RMSF analysis provides 

insights into residue-specific mobility and highlights flexible segments, particularly within loop regions or binding 

domains. 

For the HER2 receptor, the RMSF results indicated that most residues exhibited limited fluctuations, with values 

remaining below 2 Å throughout the simulation. This suggests that HER2 retained a largely rigid structure when bound to 

Myc3, Myc4, Myc6, and the reference ligand Myc. However, certain loop areas showed increased flexibility, with 

fluctuations peaking around 3.6 Å, likely corresponding to solvent-exposed or inherently mobile regions (Figure 9). 

Similarly, for ER-α, low RMSF values (below 2 Å) dominated across all ligand complexes, indicating stable protein 

conformations. Nevertheless, some loop regions exhibited significant mobility, with RMSF peaks reaching approximately 

11.8 Å, particularly in the Myc3–ER-α complex. These pronounced fluctuations may indicate induced fit effects or 

transient conformational changes following ligand binding (Figure 9). 
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Fig 9. The fluctuation of protein residues of HER2 and ER-α during simulations as determined by RSMF values 

 

The RMSF analysis further reinforces the structural stability of the protein–ligand complexes, as the majority of residues 

in both HER2 and ER-α maintained a relatively rigid conformation during the entire 100 ns simulation. Most residues 

displayed limited fluctuations, generally not exceeding 2 Å, indicating that the binding of Myc3, Myc4, Myc6, and the 

reference compound Myc preserved the structural integrity of the proteins. Nonetheless, higher RMSF values were detected 

within loop regions, highlighting their greater flexibility and suggesting potential roles in facilitating ligand interaction s. 

This localized mobility may represent necessary conformational adjustments driven by ligand engagement. Collectively, 

the RMSF data support the notion that ligand binding did not cause significant disruptions to the overall protein 

architecture, with the complexes maintaining stability throughout the simulation period [66,67].  

3.7.3. Radius of gyration  

To evaluate the degree of structural compactness and conformational stability of HER2 and ER-α upon ligand 

association, the radius of gyration (Rg) for each protein–ligand complex was analyzed. The Rg metric measures the mass-

weighted root mean square distance of a protein’s atoms from its centroid, providing an indication of its overall 

compactness. Lower Rg values suggest a tightly folded structure, whereas increases or significant fluctuations may imply 

partial unfolding or conformational adjustments during the simulation [68–70]. 

For the HER2 complexes, the Rg values demonstrated minimal variation across the 100 ns simulation period. 

Complexes involving Myc3, Myc4, and Myc6 displayed Rg values consistently ranging between approximately 2.68 and 

2.82 Å, reflecting sustained structural compactness. Notably, the Myc3–HER2 complex exhibited slightly higher Rg 

values, peaking at 2.92 Å during the intervals 0–20 ns and 70–100 ns, suggesting regions of localized flexibility or minor 

expansion (Figure 11). Nevertheless, these changes were within acceptable limits, confirming the overall structural stability  

of HER2 in complex with the tested ligands. 

Similarly, for ER-α, the Rg analysis showed stable profiles across all ligand-bound systems, with recorded values 

fluctuating between 2.68 and 2.91 Å. These findings indicate that ER-α maintained its folded structure during interaction 

with Myc3, Myc4, Myc6, and the reference drug Myc. The consistency of the Rg values confirms that none of the ligands 

induced significant destabilization or unfolding throughout the simulation period (Figure 10) [71].  
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Overall, the steady Rg profiles across all systems suggest that both HER2 and ER-α retained compact and stable 

conformations during molecular dynamics simulations, supporting the robustness of the ligand–protein complexes under 

near-physiological conditions. 
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Fig 10. The Rg plots of HER2- Myc3, HER2- Myc4, HER2- Myc6, HER2- Myc complexes as a function of simulation 

time 

4. Conclusion 

This study aims to identify promising therapeutic candidates for breast cancer treatment by targeting HER2 and ER -α 

receptors through the design of a library of Myc-based analogues. Virtual screening techniques were utilized to evaluate the 

pharmacokinetic properties and toxicity profiles of these compounds, ensuring their suitability for subsequent stages of 

drug development. Molecular docking analyses offered detailed insights into the binding interactions between the designed 

ligands and the target receptors, while molecular dynamics simulations were conducted to assess the stability and 

conformational dynamics of the resulting protein–ligand complexes over time. 

The results demonstrated that all selected Myc analogues exhibited significant binding affinities toward both HER2 and 

ER-α, with Myc3, Myc4, and Myc6 standing out due to their particularly strong interactions. These outcomes s uggest the 

high potential of these compounds as modulators of breast cancer-related targets. Additionally, molecular dynamics 

simulations confirmed the structural stability of the ligand–protein complexes throughout the simulation period, supporting 

the persistence of their activity under physiological conditions. 

Among the tested compounds, Myc3 showed superior binding strength and stability compared to the reference drug Myc, 

highlighting its enhanced in silico efficacy. In summary, the newly developed My c analogues, particularly Myc3, Myc4, 

and Myc6, emerge as promising candidates for the therapeutic targeting of HER2 - and ER-α-positive breast cancers, with 

strong binding affinities and stable interaction profiles that warrant further optimization and dev elopment. 
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