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ABSTRACT

Objectives: The objective of the study is to explore how substitutions modulate indolobenzazocin-8-one’s anticancer activity and advantages over
taxanes using computational modeling.

Methods: Molecular docking predicted binding affinities (E, kcal,/moL) at 8-tubulin’s colchicine site, while ADMET models evaluated physicochemical/
pharmacokinetic properties. Spearman’s rank correlation analysis was employed for assessing structural- activity relationships.

Results: Cytotoxicity was primarily driven by cellular permeability, evidenced by a strong negative correlation between lipophilicity and potency
(logD, ,-ICso: p=-0.90, p=0.037), unlike the weak, non-significant association with binding affinity (Ei-ICso: p=0.46, p=0.434). Methoxy substitution
weakened binding (AE, increased up to 4.2 kcal.,/moL) and had non-linear lipophilicity effects (mono-substitution: AlogD, ,=+0.031; di-substitution:
AlogD, ,=-0.128). Hydroxy substitution enhanced affinity (AEi=-1.58 kcal./moL) but compromised permeability (AlogD,,=-0.095). The optimized
lead compound balanced these trade-offs, showing high intestinal absorption (Caco-2 permeability (log cm/s)=-5.033) and low P-glycoprotein efflux
risk (probability=0.117).

Conclusion: Substitutions affect anticancer activity by altering both hydrophobicity and binding affinity. Unsubstituted indolobenzazocin-8-one
demonstrated the most potent anticancer activity. In addition, its drug-like properties and bypass of P-gp-mediated resistance position it as a superior
oral alternative to taxanes.
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INTRODUCTION

Indolobenzazocin-8-one derivatives, which were synthesized using
a palladium-catalyzed reaction and an internal amidation reaction of
benzo[d]azocinones, were evaluated for their cytotoxic efficacy against
cancer cell lines. Notably, the unsubstituted indolobenzazocin-8-one
derivative showed superior activity among the synthesized compounds,
with potent nanomolar-range cytotoxicity against both HepG2 and
MOLT-3 cancer cell lines [1]. Although structure-activity relationships
(SAR) were observed, the precise molecular mechanisms by which
substituents modulate the anti-cancer activity of indolobenzazocin-
8-one derivatives remain to be elucidated. Accumulating evidence
indicates that indole derivatives exert anticancer effects through
tubulin polymerization inhibition [2-7]. Indole-based compounds
bind to tubulin at the colchicine-binding site [8-15]. While anti-cancer
drug efficacy is multifactorial, their ability to penetrate cancer cells
and selectively bind to molecular targets remains a fundamental
requirement. Using computational modeling, we systematically
analyzed how indolobenzazocin-8-one substituents affect these two
factors, revealing critical structural determinants of anti-cancer activity.
Furthermore, the pharmacokinetic properties of the top-performing
derivative were analyzed to highlight its advantages over taxanes, a
class of tubulin polymerization-inhibiting anticancer drugs.

MATERIALS AND METHODS

Materials

Docking calculations were conducted on a PC equipped with an Intel Core
i5-12400 processor and 8 GB DDR4 RAM (1200 MHz), running Debian
12.0. The following software packages were employed: Avogadro [16] for

molecular preparation, UCSF Chimera [17] for visualization, AutoDock4
and AutoDockTools4 [18] for docking simulations, and LigPlot+ [19] for
interaction analysis, Microsoft Excel [20] for Spearman’s rank correlation
analysis. Physicochemical and pharmacokinetic properties of the
indolobenzazocin-8-one derivatives were predicted using OpenBabel
[21] and ADMETlIab [22]. Two-dimensional molecular structures were
generated with ChemSketch [23].

Methods

The indolobenzazocin-8-one derivatives were prepared through
molecular modeling using Avogadro [16] with structures saved in protein
data bank (PDB) format. Tubulin protein structures (PDB ID: 6NNG) were
retrieved from the RCSB PDB; non-essential molecules were removed,
and hydrogen atoms were added using UCSF Chimera [17].

To validate the docking protocol, redocking was performed by
extracting the co-crystallized ligand (D]95) from the tubulin structure
and re-docking it into the original binding site using AutoDock4. The
root-mean-square deviation (RMSD) between the redocked pose and
the crystallographic pose was calculated to assess reproducibility, with
an RMSD <2.0 A considered acceptable [24].

Molecular dockings between the colchicine-binding site of tubulin
and the derivatives were performed with AutoDock4 [18], and the
optimal conformation along with binding affinity (E) was determined
using AutoDockTools4 [18]. Ligand-protein interaction diagrams
were generated as 2D plots using LigPlot+ [19]. Given the small
sample size (n=5) and potential non-normal distribution of the data,
non-parametric Spearman’s rank correlation analysis was employed
instead of Pearson’s correlation. This approach is more robust for
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assessing monotonic relationships without assumptions of normality
or linearity [25].

For physicochemical and pharmacokinetic profiling, the derivatives’ PDB
structures were converted to SMILES format through Open Babel [21]
and analyzed using ADMETIlab [22]. Trends in E, and permeability-
related physicochemical properties were correlated with reported
HepG2 cytotoxicity (IC,)) data from Boonya-Udtayan et al. [1]. Finally,
the pharmacokinetic advantages of the most potent derivatives were
benchmarked against taxane-based drugs using ADMETlab-derived
parameters.

RESULTS AND DISCUSSION

Validation of molecular docking protocol

The tubulin structure was co-crystallized with D]J95 at the colchicine-
binding site, which provided an ideal system to validate the accuracy
of our molecular docking protocol through redocking. The calculated
RMSD between the redocked DJ95 pose and its original crystallographic
pose was 1.55 A (Fig. 1), confirming that the docking protocol used in
this study is reliable and acceptable.

Impact of substituent groups on the anticancer activity of
indolobenzazocin-8-one derivatives

To investigate the SAR, derivatives with varying substituents at the R},
R? R3, and R* positions (Fig. 2) were systematically evaluated for their
anticancer activity.

This SAR study initially examined unsubstituted indolobenzazocin-
8-one derivatives as the baseline, followed by systematic evaluation
of methoxy (-OCH,) and hydroxy (-OH) substitutions. All analyzed
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Fig. 1: Structural superpositions of redocked DJ95pose (pink)
and its original crystallographic pose (blue) (root-mean-
square deviation=1.55 A) in the tubulin colchicine-binding site,
generated using UCSF Chimera [17]

Fig. 2: Molecular structure of indolobenzazocin-8-one
highlighting the variable substituent positions (R}, R? R?, and R*)
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structures were limited to those experimentally synthesized
and characterized by Boonya-Udtayan et al. [1]. The two key
parameters - tubulin binding affinity and cellular permeability - were
quantified as follows: (i) Binding affinity (E;) for tubulin interaction
and (ii) octanol-water distribution coefficient at physiological pH
(logD,,) [26] as permeability surrogate. These comparative data are
presented in Table 1.

Structure 1 (unsubstituted parent compound) demonstrated the most
potent anticancer activity, exhibiting the lowest IC_  value (0.46 uM)
against HepGz2 cells. This enhanced cytotoxicity correlated with two key
molecular characteristics: (i) The strongest binding affinity to tubulin, as
evidenced by the lowest calculated binding affinity (E;=-8.76 kcaL/moL)
and (ii) superior membrane permeability potential, reflected by the
highest experimental logD, , value (2.263) among all derivatives. These
results suggest that the unmodified scaffold achieves the optimal
balance between target engagement and cellular uptake. The Structure
1’s orientation in the binding pocket and the interacting amino acid
residues are shown in Fig. 3a and Fig. 4a, respectively.

Structure 2, featuring ~OCH, substitutions at both R' and R?* positions
of the benzazocine core, exhibited weaker tubulin binding affinity
(E{=-7.49 kcaL/moL) compared to the unsubstituted parent compound
(Structure 1, E;=-8.76 kcalL/moL). This 1.27 kcal/moL reduction in
binding energy was accompanied by a substantial conformational
change in the binding mode, as evidenced by RMSD of 6.049 A relative
to structure 1 (Fig. 3b). The steric bulk of the methoxy substituents
appears to enforce this alternative binding pose, which likely disrupts
optimal protein-ligand interactions (Fig. 4b). Despite the intrinsic
lipophilicity of methoxy groups, Structure 2 exhibited a reduced logD,,
value (2.135) compared to Structure 1 (2.263), suggesting decreased
cellular permeability. This apparent paradox may be explained by
(i) conformational changes induced by the -OCHj3 substitutions. Their
steric effects likely force the molecule into a less planar configuration,
thereby reducing overall membrane penetration potential [27]. This
is consistent with the observed 6.049 A RMSD shift in binding pose,
which indicates significant structural reorganization. (ii) The electron-
withdrawing nature of oxygen atoms of the dual methoxy substitutions at
adjacent positions creates an asymmetric electron density distribution,
inducing localized dipole moments. This electronic imbalance is
exacerbated by the proximal positioning of two methoxy groups,
which synergistically distort electron density toward their oxygen
atoms through combined inductive effects. Concurrent deterioration
in both binding energy (+1.27 kcaL/moL) and logD,, (-0.128) aligned
with Structure 2’s impaired activity (IC,=96.23 uM), highlighting the
importance of balanced molecular properties for anticancer efficacy.
While both attenuated binding affinity and compromised permeability
likely contributed to the elevated IC,, their individual weightings could
not be definitively established from the current data.

Compared to Structure 2, the R® methoxy substitution of Structure
3 imposed two destabilizing effects: (i) Steric clash-induced pose
deviation (1.537 A RMSD from Structure 2; Fig. 3c) and (ii) elongation

Table 1: Structural features, HepG2 cytotoxicity (IC, ), tubulin
binding affinity (E;), and octanol-water partition coefficients
(logD, ) of indolobenzazocin-8-one derivatives

Structure Substituent groups ICso*  E; logD,,
(uM)  (kcal/mol)
1 R!=R*=R*=R*=H 046 -8.76 2.263
2 R'=R?=0CH,; R*=R*=H  96.23 -7.49 2.135
3 R'=R’=R’=0CH; R*=H  39.8  -4.56 2.166
4 R'=0H; R*=R*=0CH,; 69.8 -6.14 2.071
R*=H
5 R'=0H; R?*=R*=R*=0CH, 99.65 -4.56 1.655

*The IC,, of the derivatives against HepG2 cells was determined through MTT
assay, as reported by Boonya-Udtayan et al. [1]
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Fig. 3: Structural superpositions of indolobenzazocin-8-one derivatives in the tubulin colchicine-binding site, generated using UCSF
Chimera [17]. Color-coded representations show: (a) Structure 1 (blue; unsubstituted reference conformation), (b) Structure 2 (pink)
superimposed on Structure 1 (root-mean-square deviation [RMSD]=6.049 A), (c) Structure 3 (green) superimposed on Structure
2 (RMSD=1.537 A), (d) Structure 4 (orange) superimposed on Structure 3 (RMSD=0.483 A), (e) Structure 5 (gray) superimposed on
Structure 4 (RMSD=0.484 A) RMSD values quantify backbone deviations of nitrogen atoms across all aligned structures

of the critical indole N-H---0=C(Lys350) hydrogen bond by 0.32 A
(Fig. 4c). These changes collectively raised the binding energy by
2.93 kcaL/moL (E;=-4.56 kcal/molL), indicating markedly reduced
target engagement. The observed increase in logD, , (2-166 vs. 2.135
in Structure 2) may be attributed to: (i) limited electron withdrawal
from the single indole-positioned methoxy group, as oxygen’s
inductive effect is counterbalanced by its m-donor character, and
(ii) enhanced molecular hydrophobicity due to resonance-driven
electron delocalization into the aromatic system [28,29]. The net increase
in lipophilicity (AlogD,,=+0.031) arises because the methoxy group’s
electron-donating resonance effects into the aromatic system outweigh
its weaker electron-withdrawing inductive effects through the c-bonded
oxygen. The correlation between improved permeability indicators
(AlogD, ,=+0.031) and the 2.4-fold enhancement in potency (IC,;=39.8 uM
vs. 96.23 uM in Structure 2) suggests that membrane permeation plays a
dominant role in the anticancer activity of this structural series. This aligns
with Lipinski’s rule of five, where moderate lipophilicity (logD,,2.1-2.2)
often optimizes cellular uptake while maintaining solubility.

Structure 4, featuringa hydroxyl substitution at R!in place of the methoxy
group (cf. Structure 3), exhibited improved tubulin binding affinity
(AE;=-1.58 kcal.,/moL; E;=-6.14 kcaL,/moL vs. -4.56 kcaL,/moL). While
the binding pose remained largely conserved (RMSD=0.483 A; Fig. 3d)
with identical hydrophobic interaction patterns (Fig. 4d), the -OH group
introduced additional hydrogen bonding capacity through o-amino
group and carbonyl oxygen of Asp249. This modification concurrently
reduced lipophilicity (logD,,=2.071 vs. 2.166 in Structure 3),
consistent with: (i) The hydroxyl group’s higher hydrophilicity and
(ii) its resonance electron withdrawal from the benzazocine ring. The
observed inverse relationship between enhanced binding (lower E;)
and diminished cellular activity (higher IC,) reinforces the dominant
role of membrane permeability over target affinity in this structural
series, mirroring trends observed in Structures 2-3 comparisons.

Structure 5, featuring an additional methoxy substitution at R*
compared to Structure 4, exhibited reduced tubulin binding affinity

(AE;=+1.58 kcaL,/moL; E;=-4.56 kcaL,/moL vs. -6.14 kcaL,/moL). While
the overall binding pose remained similar (RMSD=0.484 A; Fig. 3e),
the structural perturbation disrupted critical hydrogen bonding
interactions mediated by the R! hydroxyl group (Fig. 4e). The 0.416 log
unitreduction in lipophilicity (logD, ,=1.655 for Structure 5 vs. 2.071 for
Structure 4) mirrors the Structure 1-2 trend, where (i) dual adjacent
methoxy groups on the indole-ring exhibit dominant inductive effects
over resonance contributions and (ii) the substitution pattern forces
the ring into a less planar geometry reducing hydrophobic surface area
accessible for membrane partitioning [27].

Correlation analysis of molecular properties and cytotoxicity

Our Spearman’s rank correlation analysis (selected for its robustness

to non-normality and small sample size; n=5) revealed distinct

relationships between molecular properties and cytotoxicity (IC,).

(i) E, versus IC,: The scatter plot of E, versus IC, (Fig. 5a) revealed a
moderate positive trend (p=0.46, p=0.434), though data dispersion
was substantial. Notably, two compounds with similar E, values
(-4.56 kcal/moL) exhibited divergent IC values (39.8 vs. 99.65 uM),
suggesting additional factors beyond binding energy influence
potency.

(ii) logD, , versus IC: In contrast, the logD, ,-IC, scatter plot (Fig. 5b)
demonstrated a strong negative correlation (p=-0.90, p=0.037), with
all data points adhering closely to the monotonic trend. The slope
suggests a steep decrease in IC, with increasing log D, , within the
studied range (1.66-2.26).

Advantages of indolobenzazocin-8-one over taxane drugs

Taxanes (e.g., paclitaxel, docetaxel) constitute a cornerstone
class of anticancer agents, demonstrating clinical efficacy against
diverse malignancies including breast, ovarian, and non-small cell
lung cancers [30]. Their mechanism involves the stabilization of
microtubule polymers, which paradoxically suppresses dynamic
tubulin depolymerization/polymerization cycles required for mitotic
spindle function [31,32]. This antimitotic action arrests proliferating
cellsin G2/M phase, ultimately triggering apoptosis [32]. Despite their
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Fig. 4: Two-dimensional interaction diagrams of indolobenzazocin-8-one derivatives bound to the tubulin colchicine-binding site,
generated using LigPlot+ [19]. Key interactions are shown for: (a) Structure 1: Unsubstituted core scaffold interactions, (b) Structure
2: R'/R?-dimethoxy derivative, (c) Structure 3: R'/R?/R3-trimethoxy derivative, (d) Structure 4: R'-hydroxy/R?-methoxy derivative,
(e) Structure 5: R'-hydroxy/R*-methoxy derivative

clinical efficacy, taxanes face significant pharmacological limitations
due to inherently poor aqueous solubility, which complicates
formulation and delivery [33,34]. These drugs also exhibit dose-
limiting toxicities, including hepatotoxicity (elevated liver enzymes)
and hematologic toxicity (neutropenia, anemia) [35]. Additional
challenges arise from their susceptibility to P-glycoprotein-mediated
efflux, which contributes to multidrug resistance [36], and the
generation of genotoxic metabolites that raise safety concerns [37].
These factors are critical considerations in the evaluation of synthetic

analogs and novel therapeutic compounds. They not only drive
the rational design of new drug formulations but also inspire the
development of structurally optimized derivatives to mitigate these
adverse effects.

Table 2 summarizes the ADMETIlab-predicted chemical and
pharmacokinetic properties of indolobenzazocin-8-one (Structure 1).
These indicators suggest potential advantages over the taxane class,
including drug-like properties desirable for novel therapeutics.
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Fig. 5: Scatter plots of molecular properties versus cytotoxicity: (a) Ei versus IC_  (p=0.46, p=0.434), (b) IC50 versus log D7.4 (p=-0.9,
p=0.037)

Table 2: Key drug-like properties of indolobenzazocin-8-one
(Structure 1)

Property Indicator Optimum Calculated
value* value
Physicochemical Molecular weight <500 262.11
(Lipinski's rule  log D7.4 (log moL/L) <5 2.263
of five) Number of hydrogen <10 3.0
bond acceptors
Number of hydrogen <5 2.0
bond donors
Absorption Caco-2 permeability >-5.15 -5.033
(log cm/s)
Probability of being p-gp - 0.859
inhibitor
Probability of being p-gp - 0.117
substrate

*See complete explanation of all properties at https://admetmesh.scbdd.com/
explanation/index

Evaluation results confirmed that indolobenzazocin-8-one
(Structure 1) complies with Lipinski’s rule of five, indicating favorable
physicochemical properties and high predicted oral bioavailability. This
suggests efficient absorption into the systemic circulation following oral
administration. The compound also demonstrates favorable absorption
characteristics, as evidenced by its high Caco-2 cell permeability. This
in vitro measure of gastrointestinal tissue penetration further supports
the physicochemical predictions, confirming indolobenzazocin-8-one’s
strong potential for effective gastrointestinal absorption.

The low probability of indolobenzazocin-8-one being a P-glycoprotein
substrate (0.117), compared to its higher inhibitor probability (0.859)
suggests minimal likelihood of P-gp-mediated efflux. This profile
suggests that the compound more likely acts as a P-gp inhibitor rather
than a substrate, potentially reducing efflux-mediated clearance and
thereby enhancing systemic bioavailability.

These predictive indicators demonstrate that indolobenzazocin-8-one
exhibits (i) favorable gastrointestinal absorption with minimal efflux,
as supported by its Caco-2 permeability profile and Lipinski-compliant
physicochemical properties and (ii) enhanced therapeutic potential
through prolonged duration of action and reduced risk of P-gp-mediated
cancer cell resistance - a key limitation of taxane therapies [38-40].

While these data highlight indolobenzazocin-8-one’s potential
advantages over taxanes, this should not be construed as suggesting
an absence of therapeutic limitations. As with any novel compound,
both efficacy and safety profiles require comprehensive evaluation
through subsequent preclinical and clinical studies. While nearly all
anticancer agents exhibit limitations, the current strategies such as
targeted delivery systems and controlled-release formulations can
help overcome these challenges [41-44]. However, such optimization
approaches fall beyond the scope of the present study and will not

be discussed here. The SAR of indolobenzazocin-8-one, particularly
its demonstrated advantages over conventional taxane therapies,
establishes a valuable foundation for (i) rational development of novel
anticancer agents and (ii) optimization of drug formulations to enhance
therapeutic efficacy. These structural insights provide critical data for
future drug design initiatives.

Limitations

While our computational approach offers valuable structure-activity
insights, certain limitations should be acknowledged. Docking
predictions require experimental validation through in vitro assays
or crystallography, and AutoDock4’s rigid-receptor model may not
account for tubulin flexibility. In addition, calculated log D, , values may
differ from experimental measurements. These constraints highlight
important opportunities for future work without diminishing the
observed trends.

CONCLUSION

This systematic SAR study reveals that the unsubstituted
indolobenzazocin-8-one scaffold (Structure 1) achieves optimal
anticancer activity (HepG2 IC,=0.46 uM) by balancing two critical
properties: (i) Strong tubulin binding affinity (E=-8.76 kcal./moL)
through conserved hydrogen bonding and hydrophobic interactions
and (ii) enhanced cellular permeability (logD,,=2.263). -OCH, and -
OH substitutions, while modulating electronic and steric properties,
consistently compromised either target engagement (weaker tubulin
binding by 1.27-4.20 kcaL/moL) or membrane penetration (reduced
logD,, by 0.128-0.608), leading to reduced potency (IC,  increased by
20-200 folds).

Computational ADMET profiling further highlights indolobenzazocin-
8-one’s drug-like advantages over taxanes: Lipinski compliance, high
Caco-2 permeability (-5.033 log cm/s), and minimal P-gp efflux risk
(probability=0.117). Its dual role as a tubulin binder and P-gp inhibitor
(probability=0.859) may circumvent taxane resistance mechanisms
while enabling oral administration. These findings provide a blueprint
for future development: Preserving the core scaffold’s geometry will be
critical, while judicious substitutions may fine-tune pharmacokinetics
without sacrificing potency. In vivo validation of this promising scaffold
is warranted to assess its translational potential as a next-generation
oral antimitotic agent.
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