& PHARMACIA 501 10.3897 pharmaca 73199777

5 Research Article

Antibacterial activity, molecular docking, and
in silico safety profiling of novel 3,10-dihydro-
2H-1,3-oxazepino[7,6-blindole derivatives

Mervat S. Sammor’”, Marwan M. Abu-Halaweh?®, Khadeejha Al Abrouni®~,
Balakumar Chandrasekaran*®, Adnan Dahadha®", Nasha’t Khazaleh®

Department of Basic Sciences and Humanities, Faculty of Arts and Sciences, Amman Arab University, 11953, Amman, Jordan
Department of Biotechnology and Genetic Engineering, Faculty of Science, Philadelphia University, P.O. Box 1, 19392, Amman, Jordan
Faculty of Pharmacy, Middle East University, P.O. Box 1, 11610, Amman, Jordan

Department of Pharmaceutical Sciences, Faculty of Pharmacy, Zarqa University, P.O. Box 2000, 13111, Amman, Jordan

Department of Applied Chemistry, Faculty of Science, Philadelphia University, P. O. Box 1, 19392, Amman, Jordan

o U w2

Fachbereich 2 Biologie/Chemie, Universitit Bremen, 28359, Bremen, Germany

Corresponding authors: Khadeejha Al Abrouni (k.abrouni@meu.edu.jo); Marwan M. Abu-Halaweh (mhalaweh@philadelphia.edu.jo)

Received 16 May 2026 ¢ Accepted 11 September 2026 ¢ Published 28 September 2026

Citation: Sammor MS, Abu-Halaweh MM, Al Abrouni K, Chandrasekaran B, Dahadha A, Khazaleh N (2026) Antibacterial activity,
molecular docking, and in silico safety profiling of novel 3,10-dihydro-2H-1,3-oxazepino[7,6-b]indole derivatives. Pharmacia 73:
€199777. https://doi.org/10.3897/pharmacia.73.e199777

Abstract

In this study, nine derivatives of 3,10-dihydro-2H-1,3-oxazepino[7,6-b]indole (1-9), which combine two bioactive pharmacophoric
cores, were synthesized and tested for antibacterial activity against five pathogenic bacterial strains. The resazurin-based microdi-
lution plate method was used to determine minimum inhibitory concentration (MIC) values. Derivative 6 displayed the greatest
potency (MIC = 0.0048 mg/mL against S. typhimurium). Molecular docking suggested possible interactions between the ligands
and peptidoglycan glycosyltransferases. In silico analysis using SwissADME, ProTox 3.0, Cytotoxicity Predictor Online, quantitative
structure-activity relationship (QSAR), and quantitative structure-activity/toxicity (QSAT) modeling suggested high gastrointesti-
nal absorption, adherence to drug-likeness rules, and low predicted cytotoxicity across 198 human cell lines. Toxicological predic-
tions suggested nontoxic behavior of all derivatives, with lower predicted activity in normal fibroblasts than in tumor-derived lines.
The findings identify derivative 6 as the most active antibacterial candidate and derivative 5 as a safe lead with balanced antimicrobial
potential, supporting further antibacterial drug research and the development of these scaffolds for clinical application.
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Introduction has warned that the world is “running out of antibiotics,”

highlighting the significant increase in antibiotic resistance
Bacterial antibiotic resistance is a serious issue in the clini- ~ worldwide as one of the top 10 global public health threats
cal treatment of bacterial infections and a major challenge  facing humanity (Chinemerem Nwobodo et al. 2022; Salam
to human health. The World Health Organization (WHO) et al. 2023; Abudoleh et al. 2026). Multidrug-resistant
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Figure 1. Structures of 3,10-dihydro-2H-1,3-oxazepino[7,6-b]indole derivatives.

(MDR) bacteria are resistant in vitro to at least one anti-
microbial agent in three or more antimicrobial categories
(Magiorakos et al. 2012). The emergence of MDR bacteria
due to genetic modifications and changes in bacteria result-
ing from prolonged exposure to antibiotics is occurring so
rapidly that available antibiotics lose their activity (Cox and
Wright 2013; Chandra et al. 2017; Yelin and Kishony 2018;
Chinemerem Nwobodo et al. 2022). Therefore, there is an
urgent need to develop new classes of antimicrobial agents
and alternative treatments (Organization 2005; Chandra et
al. 2017; Dan et al. 2018). Identifying and synthesizing nov-
el bioactive scaffolds with improved antimicrobial activity
and safety remains a priority in antimicrobial research.

The 3,10-dihydro-2H-1,3-oxazepino(7,6-b]indole scaf-
fold represents a class of indole-fused seven-membered
heterocycles synthesized by efficient one-pot strategies
such as the 1,4-dipolar cycloaddition of imidazo[1,5-a]pyr-
idines with acetylenic esters and N-alkylation (Sammor et
al. 2018). This scaffold is important in medicinal chemis-
try because the indole nucleus is a key pharmacophore in
many anti-infective agents (Mo et al. 2024). Research on
oxazepines and indole-related scaffolds has demonstrated
promising antibacterial activity against both Gram-positive
pathogens, such as Staphylococcus aureus, and Gram-nega-
tive species, such as Escherichia coli (Muhammad-Ali and
Abdulhussien 2014; Sammor et al. 2018; Muslim and Saleh
2019; Mathada and Somappa 2022; Al-Jeilawi et al. 2024).
Despite these findings, hybrid oxazepino-indole systems
remain poorly studied. No antibacterial investigation of this
combined framework has been reported prior to this study.

Some studies have highlighted the general bioactivity of
oxazepines or indole derivatives, including potent antifungal
activity against phytopathogens and anticancer activity, in-
dicating that the 1,3-oxazepino[7,6-b]indole system is a ver-
satile scaffold for developing multi-target therapeutic agents
(Muslim and Saleh 2019; Mathada and Somappa 2022).

Nevertheless, these biological activities have not been linked
to antibacterial mechanisms within the fused scaffold.

Successful drug discovery requires not only the early
identification of molecules with high antimicrobial po-
tency but also favorable absorption, distribution, metab-
olism, and excretion (ADME) properties. In recent years,
in silico approaches have provided rapid, cost-effective
strategies for screening novel compounds against well-es-
tablished biological databases. Tools such as CLC-Pred
Online (Lagunin et al. 2018) and computational toxicity
analyses help eliminate candidates with potential long-
term toxicity risks, such as DNA damage or organ toxicity.

Before this study, little or no information was avail-
able on the antimicrobial activities of the synthetic hybrid
framework 3,10-dihydro-2H-1,3-oxazepino[7,6-b]indole
(Sammor et al. 2018). This may be because most studies
have focused on the emerging applications and biological
activity of 1,3-oxazepines (Abbas et al. 2020), and because
such hybrid frameworks are expected to possess promis-
ing biological activities due to their fused pharmacophor-
ic components—the indole nucleus (Oliveira et al. 2022)
and the 1,3-oxazepine ring (Abbas et al. 2020).

Therefore, this work aimed to evaluate the antibacterial
activity and safety properties of 3,10-dihydro-2H-1,3-0x-
azepino[7,6-b]indole derivatives (Fig. 1) for potential use
as antibacterial agents. In addition, molecular docking
was employed to explore interactions with peptidogly-
can-synthesizing enzymes, and in silico absorption, dis-
tribution, metabolism, excretion, and toxicity (ADMET)
and quantitative structure-activity relationship (QSAR)
analyses were used to predict drug-likeness and toxicity
and provide mechanistic insight into their antibacterial
action. By combining biological assays with in silico phar-
macokinetic and toxicity analyses, this study aimed to
identify selective, safe, and viable antibacterial candidates
within this novel chemical class.
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Materials and methods

Synthesis and characterization of com-
pounds 1-9

Compounds 1-9 were synthesized and characterized
spectroscopically using a previously reported protocol
(Sammor et al. 2018).

Method validation

To evaluate the accuracy of the developed assay, the perfor-
mance of the standard antibiotic gentamicin (Sigma) was
evaluated against the five tested bacterial strains to deter-
mine MIC values and compare them with those published
by the Clinical and Laboratory Standards Institute (CLSI)
(M100-S22, Vol. 32, No. 3, January 2012; Institute 2012).

Bacterial preparation

Gram-negative bacteria, including E. coli (ATCC® 25922),
Salmonella typhimurium (ATCC® 14028), and Klebsiella
aerogenes (ATCC® 13048), and Gram-positive bacteria,
including Bacillus cereus (ATCC® 13640) and Enterococcus
faecalis (ATCC® 7080), were subcultured on nutrient agar
and incubated overnight at 37 °C. The following day, 3-5
bacterial colonies with similar morphologies were inocu-
lated into 10 mL of sterile Mueller-Hinton broth (MHB)
and incubated overnight at 37 °C. The overnight bacterial
suspensions were adjusted to a 0.5 McFarland standard
(approximately 0.5-2.0 x 108 CFU/mL) with sterile MHB
(Bhalodia and Shukla 2011).

Preparation of 96-well microdilution
plates

Antibacterial activity was evaluated using a re-
sazurin-based microdilution assay as described previ-
ously (Drummond and Waigh 2000; Oliveira et al. 2022;
Al-Akhras et al. 2026; Alqaffaf et al. 2026). Each well of a
sterile 96-well plate was filled with 100 uL of MHB. The
nine derivatives were dissolved in 10% DMSO and serially
diluted twofold over the first 10 wells of each test row. Col-
umn 11 served as the reagent control (medium plus inoc-
ulum), and column 12 served as a negative control (sterile
broth). Subsequently, 10 uL of the prepared bacterial inoc-
ulum was added to each appropriate well. All experiments
were performed in triplicate. After incubation, MIC val-
ues were determined based on resazurin color changes
(Fig. 2), where blue indicated growth inhibition and pink
indicated active bacterial metabolism. For minimum bac-
tericidal concentration (MBC) determination, aliquots
from wells containing concentrations above the MIC were
plated onto nutrient agar and incubated at 37 °C for 24 h.
The MBC was defined as the lowest concentration pro-
ducing no visible colony formation.

In silico molecular docking

The 3D crystal structure of peptidoglycan glycosyltrans-
ferase (PDB ID: 3D3H), with a resolution of 2.31 A (Yuan
et al. 2008), was downloaded from the RCSB PDB (http://
www.rcsb.org) and prepared in PyMOL 2.4.0. Protein
preparation for docking involved removing non-pro-
tein components and water molecules, extracting bound
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Figure 2. Determination of the MICs of 3,10-dihydro-2H-1,3-oxazepino|[7,6-b]indole derivatives against E. coli (DSM 110652).
After incubation, resazurin dye was added. Column 12 confirmed that no contamination occurred during plate preparation. Column
11,a negative control, showed a change from the natural color (blue/purple) of resazurin to the reduced form (red/colorless). Column
3, for most derivatives, showed no color change; therefore, the concentration of each derivative in that column was taken as the MIC

value.
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ligands, correcting missing amino acids, and adding polar
hydrogen atoms (Mooers 2020). For binding-site defini-
tion, a suitable grid box (20 A) was created around the
bound ligand (M40). The 2D structures of the synthe-
sized compounds were drawn using ChemDraw Ultra 7.0
(Cambridge Soft Corp., http://http://www.cambridgesoft.
com, USA). AutoDock 4.2.1 and AutoDock Vina 1.1.2
were used for the molecular docking studies (Morris et al.
2009). Initially, the native ligand (M4O) was extracted and
docked back into the binding site to validate the protocol.
Then, the synthesized ligands were docked into the pre-
defined binding site. The docking energy was tabulated,
and the poses were examined using BIOVIA Discovery
Studio Visualizer (version 4) (He et al. 2021).

In silico cytotoxicity prediction using
CLC-Pred

The in silico CLC-Pred tool available within the Way-
2Drug web platform was used to predict the cytotoxicity
of the synthesized 3,10-dihydro-2H-1,3-oxazepino|7,6-b]
indole derivatives 1-9. This model evaluates the cyto-
toxicity of the derivatives across a large panel of human
tumor-derived and normal cell lines based on structure—
activity relationship analysis. The prediction output for
each derivative included the probability of activity (Pa)
and probability of inactivity (Pi) values for cytotoxic ef-
fects against individual human cell lines. A derivative was
considered potentially cytotoxic when Pa exceeded Piand
surpassed commonly accepted probability thresholds.
Derivatives exhibiting low Pa values across the tested cell
lines were predicted to possess minimal cytotoxic liabil-
ity. These in silico predictions were used to evaluate the
preliminary safety profile of the antibacterial candidates
before experimental validation.

In silico SwissADME profiling

Physicochemical and pharmacokinetic properties of the
nine derivatives were predicted using the SwissADME
web server. Parameters evaluated included molecular
weight (MW), topological polar surface area (TPSA), and
lipophilicity (Log Po/w). Predictions were generated for
gastrointestinal absorption, blood-brain barrier permea-
bility, and P-glycoprotein substrate affinity.

Cytochrome P450 (CYP) inhibition profiles were eval-
uated for five major isoforms, and structural alerts were
screened using PAINS and Brenk filters. Predicted biolog-
ical activity (Pa) for normal human cell lines (HaCaT and
CNE-2) was also calculated. All in silico predictions were
performed using SMILES-formatted structures, and each
calculation was repeated twice to verify reproducibility.

ProTox-3.0 toxicological endpoints

The toxicity of 3,10-dihydro-2H-1,3-oxazepino([7,6-b]in-
dole derivatives 1-9 was evaluated using the ProTox-3.0
web server (Banerjee et al. 2018). Predicted endpoints

included carcinogenicity, cytotoxicity, hepatotoxicity, mu-
tagenicity, and immunotoxicity according to the Globally
Harmonized System toxicity classification model.

Results and discussion

Antibacterial mechanism

Indole-fused oxazepines such as 3,10-dihydro-2H-1,3-0x-
azepino[7,6-blindole have been reported to exhibit
antibacterial activity by disrupting bacterial cell wall
assembly, mainly by interfering with peptidoglycan bio-
synthesis (Akhmetova et al. 2022). Within this pathway,
glycosyltransferase enzymes play a major role in cell
wall synthesis by catalyzing the polymerization of gly-
can chains from lipid-linked precursors (Lipid II), estab-
lishing the backbone of the bacterial cell wall (Breukink
and de Kruijff 2006; Egan et al. 2020). The fusion of the
indole nucleus with a seven-membered oxazepine ring
produces a distinct structure that can mimic or compete
with natural bacterial substrates. This structural mimic-
ry allows binding to penicillin-binding proteins (PBPs),
which possess glycosyltransferase activity, thus prevent-
ing cross-linking and polymerization of the peptidogly-
can layer (Sauvage et al. 2008; Sauvage and Terrak 2016).
Inhibiting these enzymes causes osmotic instability and
ultimately bacterial cell lysis.

Previous computational docking and in vitro studies
indicate that the nitrogen and oxygen atoms within the
oxazepine ring facilitate hydrogen bonding with the active
sites of glycosyltransferase domains, particularly PBP1
and PBP2 (Onoabedje et al. 2016). In addition to cell wall
inhibition, synthetic indole derivatives have been shown
to disrupt membrane potential and reduce ATP pools,
thereby reducing respiratory metabolism (Chandal et al.
2024). Furthermore, these derivatives interfere with exo-
polysaccharide production by inhibiting bacterial glucos-
yltransferases, reducing biofilm formation and enhancing
susceptibility to host defenses (Teo and Roper 2015).

To ensure mammalian safety, toxicological evalua-
tion of indole-fused scaffolds can be performed using in
silico computational modeling. Quantitative structure—
toxicity relationship analysis and SwissADME profiling
can predict hepatotoxicity and mutagenicity, ensuring
that derivatives fall within the “drug-like” space defined
by Lipinski’s Rule of Five (Mo et al. 2024). Important-
ly, indole moieties are associated with antioxidant and
cytoprotective activities, potentially mitigating oxidative
stress in mammalian tissues by scavenging reactive oxy-
gen species (Zeng et al. 2024).

Antibacterial activity of synthesized
derivatives

To investigate the antibacterial potential of 3,10-dihy-
dro-2H-1,3-oxazepino([7,6-b]indole derivatives, nine de-
rivatives of this scaffold, with variations in the position
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and nature of the substituents on the aromatic ring, were
tested against five Gram-positive and Gram-negative bac-
terial strains. These derivatives 1-9 (Fig. 1) were synthe-
sized as previously described by Sammor et al. (2018).

Microdilution plates were evaluated for inhibition of
bacterial growth by the tested derivatives; the results are
shown in Fig. 2. The absence of bacterial growth and the
change in resazurin color in the tested well indicate the
antimicrobial activity of the synthesized derivatives.

As shown in Table 1, the validated assay findings were
highly compatible with CLSI or EUCAST recommendations.

A significant increase in the bacterial count was detected
after serial dilution of the tested derivatives, and no resazurin
color change was detected at the MIC, as shown in Table 2,
indicating the antibacterial activity of the derivatives.

MIC and MBC determination

The MICs and MBCs of derivatives 1-9 were eval-
uated (Table 2). All derivatives showed broad-spec-
trum activity in the concentration range of 0.0048-
0.620 mg/mL. The lowest MIC among the tested

derivatives was 0.0048 mg/mL for derivative 6 against S.
typhimurium, which is lower than that of gentamicin.

These derivatives showed substantial variation in their
ability to inhibit K. aerogenes. Derivative 2 showed low po-
tency (MIC = 0.620 mg/mL), whereas derivatives 8 and 9
showed the greatest inhibitory effect (MIC = 0.08 mg/mL).
All derivatives showed antibacterial activity against E.
coli, with derivative 4 having the highest potency (MIC =
0.0136 mg/mL). In contrast, derivatives 7 and 9 showed no
activity against S. typhimurium. Furthermore, derivatives 3
and 6 showed no inhibitory effects against E. faecalis.

The derivatives showed a weak correlation between
their structure and potency, as shown by derivatives 2, 6,
and 8 with a benzyl substituent at R2, whereas a greater
inhibitory effect on B. subtilis was reported by Olgen et
al. (2008) with the same benzyl substituent. In addition,
derivatives 1, 5, and 9 have similar R1 and R2 substitu-
ents but still vary in potency. The variation in antibacterial
activity observed in this study could be attributed to dif-
ferences in chemical structure (Fig. 1), modifications and
structural differences in the cell wall, and pathogen drug
resistance due to genetic factors.

Table 1. Determination of the MIC by resazurin-aided microdilution of gentamicin against five standard bacterial strains. The val-
ues obtained were compared with those recommended by the Clinical and Laboratory Standards Institute (CLSI) or the European

Committee on Antimicrobial Susceptibility Testing (EUCAST).

Bacteria Antibiotic MIC reported in this study (ug/mL) MIC recommended by CLSI or EUCAST (ug/mL)
E. coli (ATCC ° 25922) Gentamicin >3 >16
B. cereus (ATCC ° 13640) Gentamicin >2 >16
S. typhimurium (ATCC ° 14028) Gentamicin >6 .16
K. aerogenes (ATCC"® 13048) Gentamicin >10 >2
E. faecalis (ATCC® 7080) Gentamicin >10 <128

Table 2. Determination of the MICs and MBCs of different 3,10-dihydro-2H-1,3-oxazepino[7,6-b]indole derivatives against the

listed strains. All values are expressed in mg/mL.

Derivatives Bacteria name/ E. coli S. typhimurium K. aerogenes B. cereus E. faecalis
MIC and MBC (ATCC 25922) (ATCC 14028) (ATCC 13048) (ATCC 13640) (ATCC 7080)
1 MIC 0.018 0.460 0.018 0.092 0.092
MBC 0.092 2.30 0.092 0.460 0.460
2 MIC 0.124 0.124 0.620 0.620 0.620
MBC 0.620 0.620 3.01 3.01 3.01
3 MIC 0.168 0.0336 0.168 0.168 NI
MBC 0.840 0.168 0.840 0.840 NI
4 MIC 0.0136 0.068 0.068 0.068 0.068
MBC 0.068 0.340 0.340 0.340 0.340
5 MIC 0.116 0.116 0.116 0.116 0.116
MBC 0.580 0.580 0.580 0.580 0.580
6 MIC 0.024 0.0048 0.024 0.024 NI
MBC 0.120 0.024 0.120 0.120 NI
7 MIC 0.400 NI 0.400 0.400 0.400
MBC 2 NI 2 2 2
8 MIC 0.08 0.08 0.08 0.08 0.08
MBC 0.40 0.40 0.40 0.40 0.40
9 MIC 0.08 NI 0.08 0.08 0.08
MBC 0.40 NI 0.40 0.40 0.40
Gentamicin MIC 0.003 0.006 0.010 0.002 0.016
MBC 0.006 0.012 0.020 0.004 0.032
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Table 3. Descriptive statistics by microorganism.

Microorganism MIC, median (range), mg/mL MIC geometric mean MBC, median (range), mg/mL MBC geometric mean
E. coli 0.080 (0.003-0.400) 0.0506 0.400 (0.006-2.000) 0.2311
S. typhimurium 0.074 (0.0048-0.460) 0.0493 0.370 (0.012-2.300) 0.2198
K. aerogenes 0.080 (0.010-0.620) 0.0787 0.400 (0.020-3.010) 0.3587
B. cereus 0.086 (0.002-0.620) 0.0788 0.430 (0.004-3.010) 0.3587
E. faecalis 0.086 (0.016-0.620) 0.1079 0.430 (0.032-3.010) 0.4795

Derivatives 1, 4, 6, 8, and 9 displayed high potency
against both Gram-negative and Gram-positive bacteria
and could be considered potential broad-spectrum an-
tibacterial agents for use individually or in combination
with other antimicrobial agents. They could also have po-
tential use as disinfectants.

Statistical analysis

The MIC and MBC values were analyzed statistically. No-in-
hibition (NI) values were treated as missing observations,
not as zero. Because MIC and MBC data are dilution-based
and positively skewed, geometric means and nonparametric
statistics are more appropriate than arithmetic means alone.
The descriptive statistics by microorganism, shown in
Table 3, indicate that the lowest overall geometric-mean
MICs were observed against S. typhimurium and E. coli,
whereas E. faecalis showed the highest geometric-mean MIC.
The same pattern was generally observed for MBC values.
For the tested compound-organism combinations, the
MBC was approximately five times the MIC. The median
MBC/MIC ratio was 5.0 for every microorganism (Table 4).

Table 4. MBC/MIC ratio for the tested compound-organism
combinations.

Microorganism Median MBC/MIC Mean MBC/MIC
E. coli 5.0 4.71
S. typhimurium 5.0 4.63
K. aerogenes 5.0 4.70
B. cereus 5.0 4.69
E. faecalis 5.0 4.61

This consistent ratio indicates that the compounds gen-
erally required approximately fivefold higher concentra-
tions to produce a bactericidal effect than to inhibit visible

Table 5. Interpretation of individual derivative activity.

growth. The ratio was 2.0 for gentamicin in most cases.
Table 5 ranks the tested compound-organism activity by
the geometric mean across the available microorganisms.

Among the synthesized derivatives, compound 6 had
the lowest geometric-mean MIC and MBC, followed by
compound 4. Compound 7 was the least active deriv-
ative, followed by compound 2. Compared with gen-
tamicin, compound 6 required approximately 3.7-fold
higher concentrations on a geometric-mean MIC basis
and approximately 9.2-fold higher concentrations on
an MBC basis. The other derivatives were substantially
less potent than gentamicin.

Limited literature on oxazepine-containing antibacte-
rial derivatives underscores the novelty of this scaffold.
Although a recent review of indole-imidazole hybrids
and indole C2 derivatives bearing 1,3,4-oxadiazole thio-
ether moieties reported antibacterial activity against
Gram-positive and Gram-negative strains, it largely re-
lied on zone-of-inhibition or single-point MIC screening
against standard strains (Bellapukonda et al. 2026).

Molecular docking studies

The redocked ligand showed a binding pose similar to
that of the PDB-bound native ligand (M40), with approx-
imately the same ring and chain orientations and some
variability in angles. The redocked ligand interacted with
the protein by forming five hydrogen bonds: OCG inter-
acted with Glu83 (2.5 A), Ser116 (2.6 A), and GIn121 (2.5
A); Ser116 interacted with OBG (2.4 A); and O1E inter-
acted with Lys124 (3.3 A). The redocked ligand also inter-
acted within the pocket via hydrophobic interactions with
Glu83, Ala97, Argl00, Gly114, and Lys201. These inter-
actions were similar to those of the native ligand (Fig. 3).
Similarly, all synthesized ligands were docked into the
binding site and were found to dock well. The binding

Rank Derivative MIC geometric mean MBC geometric mean Interpretation
1 Gentamicin 0.00565 0.0113 Most active comparator
2 6 0.0161 0.0802 Most active synthesized derivative
3 4 0.0493 0.2464 Strong synthesized derivative
4 1 0.0661 0.3334 Intermediate activity
5 8 0.0800 0.4000 Intermediate activity
5 9 0.0800 0.4000 Intermediate activity
7 3 0.1123 0.5617 Lower activity
8 5 0.1160 0.5800 Lower activity
9 2 0.3257 1.5999 Weak activity
10 7 0.4000 2.0000 Weakest activity
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Figure 3. The redocked native ligand (atom-colored, thick ball-and-stick model) and original pose (pink-colored, wireframe model)

in the protein binding site.

Table 6. Binding energies and protein-ligand interactions of the synthesized derivatives and the native ligand (M40).

Binding energy

Ligands (keal/mol) Interacting amino acids Types of interactions with corresponding residues
1 —-6.54 GIn61, Tyr65, Lys62, Leul59, Tyr171, ~ Weak hydrogen-bonding: GIn61; n—m stacked: Tyr65; n—alkyl: Lys62, Leul59;
Arg63,GInl163 hydrophobic: Tyr171, Arg63, and GIn163
2 -6.835 GIn61, Asn125, Tyr171, GIn163, Conventional hydrogen bonding: GIn61; weak hydrogen-bonding: Asn125;
Leul26,and Tyr165 ni-7 stacked: Tyr171; hydrophobic: GIn163, Leul26, and Tyr165
3 -6.213 Tyr171, Asn125, Pro203, Arg130, Conventional hydrogen bonding: Tyr171; weak hydrogen-bonding: Asn125;
Phel27, Tyr165,and Ala204 n—alkyl: Pro203, Arg130; hydrophobic: Phel27, Tyr165, and Ala204

4 -6.263 Asn125,GIn121, Pro203, Arg130, Conventional hydrogen bonding: Asn125, Gln121; i-sigma: Pro203; n—alkyl:

Ala202, Ala204, Tyr165, Argl32, and Argl130, Ala202, and Ala204; hydrophobic: Tyr165, Arg132, and Lys124
Lys124
5 -6.46 GIn163, Tyr65, Lys62, Gln61, Asn162, Weak hydrogen-bonding: GIn163; n—m stacked: Tyr65; n—alkyl: Lys62;
and Leul59 hydrophobic: GIn61, Asn162, and Leul59
6 -6.958 GIn163, Lys62, Tyr65, Leul59, GIn61, ~ Weak hydrogen-bonding: GIn163; n—cation: Lys62; n—alkyl: Lys62, Leul59;
Asnl62,and Leul26 n—7t stacked: Tyr65; hydrophobic: GIn61, Asn162, and Leul26
7 -6.231 Tyr171, Asn125, Pro203, Arg130, Conventional hydrogen bonding: Tyr171; weak hydrogen-bonding: Asn125;
Tyr165, Phel27, and Ala204 n—alkyl: Pro203, Arg130; hydrophobic: Tyr165, Phel27, and Ala204

8 —6.625 GIn61, Asn125,GIn163, Leul28, Conventional hydrogen bonding: GIn61; weak hydrogen-bonding: Asn125,

Tyr171, Tyr165, Leul26,and Phel27 GIn163; n-sigma: Leu128; - stacked: Tyr171; hydrophobic: Tyr165,
Leul26, and Phel27
9 -6.811 GIn163, Tyr65, Lys62, Leul59, Gln61, Weak hydrogen-bonding: Gln163; n—m stacked: Tyr65; n—alkyl: Lys62,
Tyr171,and Arg63 Leul59; hydrophobic: GIn61, Tyr171, and Arg63
M40 -7.632 Glu83, Ser116,GIn121, Lys124, Gly114, Conventional hydrogen bonding: Glu83, Ser116, GIn121, Lys124; weak

Lys201, Ala97, Arg100, Pro203, Ala202,
and Ilel64

hydrogen-bonding: Gly114, Lys201; alkyl: Ala97, Arg100; hydrophobic:
Pro203, Ala202, and Ile164

energy values for the poses of all synthesized derivatives
are presented in Table 6.

Based on the antibacterial screening results, derivative 6
was identified as the most active derivative, and its binding
pose is shown in Fig. 4. Derivative 6 showed good interaction
within the protein pocket, where the benzene and pyridine
rings, in addition to the indole heterocycle, interacted via hy-
drophobic interactions with Lys62, Tyr65, and Leu159.

From the antibacterial screening results, compound 6
was found to be the most active compound; its binding
pose is presented in Fig. 4. This compound showed good

interaction within the protein pocket: the benzene and
pyridine rings, in addition to the indole heterocycle of the
ligand, interacted via hydrophobic interactions with the
amino acids Lys62, Tyr65, and Leul59.

In silico toxicological safety profiling us-
ing CLC-Pred

The in silico predictive results obtained using CLC-Pred
suggest that all tested derivatives 1-9 exhibit low-probabil-
ity activity across the human cell-line panel. No derivative
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(B) views. In the 2D figure, hydrogen bonds and m-alkyl interactions are shown as green and light purple dotted lines, respectively.

Moreover, -sigma and van der Waals interactions are indicated by violet dotted lines and light green amino acids, respectively. Some

unfavorable interactions are shown as amino acids in orange-red. The solvent-accessible surface, proportional to its diameter, is

shown as a light blue halo. In the 3D figure, hydrogen bonds are shown as green dotted lines. The binding-site amino acids are repre-

sented as a wireframe model, with the amino acid names shown in red text using a three-letter ID with a code number. The docked

ligands are shown as thick, atom-colored ball-and-stick models.

exceeded the 0.5 Pa threshold, the standard benchmark
for likely biological toxicity.

The toxicological predictions indicated a favorable
safety profile for all derivatives. The mean Pa values for
all derivatives ranged from 0.219 to 0.253, indicating
that chemical modifications did not introduce significant
mammalian toxicity. Comparison between cell types re-
vealed that normal cell lines showed lower average activity
than tumor-derived lines, reinforcing selectivity.

Comparison between cell types revealed that normal
cell lines (e.g., skin and lung fibroblasts) showed sig-
nificantly lower average activity (Pa = 0.151) than tu-
mor-derived lines (Pa = 0.249) (Table 7). This distinc-
tion reinforces the candidates’ selectivity. The use of in
silico prediction at this stage is considered a validation
step for selecting compounds with a high therapeutic

Table 7. Toxicological screening profiles of antibacterial deriva-
tives 1-9 predicted by the CLC-Pred webpage.

Derivatives ~ Mean Pa Mean Pi Total lines Safety

ID (activity)  (inactivity) tested inference
1 0.226 0.106 16 Nontoxic
2 0.219 0.127 18 Nontoxic
3 0.233 0.126 24 Nontoxic
4 0.221 0.124 27 Nontoxic
5 0.253 0.134 24 Nontoxic
6 0.228 0.121 25 Nontoxic
7 0.231 0.118 14 Nontoxic
8 0.221 0.136 32 Nontoxic
9 0.235 0.120 18 Nontoxic

index before proceeding to in vitro and in vivo testing
(Lounkine et al. 2012).

The in silico cytotoxicity screening using CLC-Pred
indicates that derivatives 1-9 possess a favorable prelimi-
nary safety profile. All derivatives exhibited a low proba-
bility of cytotoxic activity across the evaluated human cell
lines, reflected by consistently low Pa values. Notably, de-
rivatives assessed against a wider range of cell lines main-
tained comparable predictions, supporting the robustness
of the safety assessment.

The absence of predicted cytotoxicity suggests that the
oxazepino-indole scaffold and its substituent variations do
not significantly interact with cellular pathways responsi-
ble for mammalian cell damage. From a drug-development
perspective, this is particularly advantageous for antibacte-
rial candidates, as it implies selective activity toward bacte-
rial targets while minimizing the risk of host-cell toxicity.

Overall, the CLC-Pred results support the continued
evaluation of this derivative series and justify further ex-
perimental validation using in vitro cytotoxicity assays to
confirm the predicted safety margins.

Pharmacokinetic
(QSAR)

and drug-likeness

The SwissADME analysis (Table 8) shows that the test-
ed derivatives had molecular weights ranging from
449.46 to 624.87 g/mol. Most derivatives displayed high
gastrointestinal absorption. Derivative 5 showed the
most favorable drug-likeness profile, with a Log P value
of 2.50 and zero violations of Lipinski’s rules.
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Table 8. Integrated QSAR/QSAT profile of synthesized derivatives 1-9.

Derivatives ID MW (g/mol) Log P GI absorption Cytotoxicity Mutagenicity Hepatotoxicity
Tamoxifen (Ref) 371.52 6.00 High Inactive Inactive Inactive
1 528.35 2.59 High Inactive Inactive Inactive
2 604.45 4.07 High Inactive Inactive Inactive
3 580.42 431 High Inactive Inactive Inactive
4 545.97 3.68 High Inactive Inactive Inactive
5 449.46 2.50 High Inactive Inactive Inactive
6 525.55 3.49 High Inactive Inactive Inactive
7 624.87 4.60 High Inactive Inactive Inactive
8 622.07 4.79 High Inactive Inactive Inactive
9 483.90 3.16 High Inactive Inactive Inactive

Toxicological safety (QSAT)

The QSAT analysis suggests that all nine derivatives are
safe at the cellular and genomic levels. All derivatives were
predicted to be inactive for cytotoxicity, mutagenicity, and
carcinogenicity (Table 8). This indicates that the observed
antibacterial activity is not due to nonspecific host toxicity.

Conclusion

3,10-Dihydro-2H-1,3-oxazepino|7,6-b]indole  derivatives
showed good antimicrobial activity. Derivatives 1,4, 6,8,and
9 displayed broad-spectrum antibacterial activity against E.
coli, S. typhimurium, K. aerogenes, and E. faecalis. Derivative
6 showed strong antibacterial activity against S. typhimuri-
um (MIC = 0.0048 mg/mL). Docking analyses suggested
that the ligand’s indole heterocycle can interact with Lys62,
Tyr65, and Leul59 via hydrophobic interactions.
CLC-Pred predictions indicate that derivatives 1-9
have antibacterial activity and an acceptable safety profile
across 198 human cell lines. Both the predicted low Pa
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