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Antiapoptotic proteins represent a major obstacle to the success of anticancer therapies, as they promote
the survival of malignant cells and contribute to treatment resistance. Among these, Bcl-2 and Bcl-xl are
frequently overexpressed in pancreatic cancer, making them important therapeutic targets. In this work,
we present a systematic computational study aimed at identifying the molecular features that enable
selected cinnamyl and quinoxaline derivatives to inhibit the oligomerization of these proteins. Using a
combination of molecular docking and molecular dynamics simulations, we characterized the most
plausible binding modes and assessed the stability of the resulting complexes. Key intermolecular inter-
actions responsible for binding were analyzed using the Quantum Theory of Atoms in Molecules (QTAIM),
while reactivity descriptors derived from temperature-dependent chemical reactivity theory were
employed to rationalize trends in affinity and stability. Our results reveal consistent structural and elec-
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tronic patterns that govern the effective inhibition of Bcl-2 and Bcl-x|, providing mechanistic insight into
their molecular recognition processes. Beyond improving the understanding of antiapoptotic protein inhi-
bition, this study offers practical guidelines for the rational design of new small-molecule inhibitors with
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1. Introduction

Cancer is a significant problem for global health due to its
high mortality rates. Pancreatic cancer is one of the most unfa-
vorable cancers and is the fourth leading cause of death in the
United States, primarily due to its late detection and pro-
nounced resistance to chemotherapy, resulting in a dismal sur-
vival rate of less than 5%."> The pancreatic cancer cell line 1
(PANC-1), one of the most significant cancer cell lines, is a key-
stone target for understanding the mechanisms of uncon-
trolled pancreatic cell proliferation, potentially resulting in a
highly aggressive neoplasia known as adenocarcinoma.’
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One of the mechanisms of therapeutic resistance in cancer
cells is antiapoptotic protection through members of the Bcl-2
family, which are present in PANC-1.* Proteins from the Bcl-2
family are apoptotic regulators, acting primarily at the mito-
chondrial membrane, where they modulate its permeability.
This modulation facilitates the release of key signaling mole-
cules, such as cytochrome c, which ultimately triggers the
cascade of events leading to programmed cell death. By balan-
cing pro-apoptotic and anti-apoptotic signals, Bcl-2 family pro-
teins play a central role in maintaining cellular homeostasis and
determining cell fate.® This family of proteins is primarily con-
stituted by pro-apoptotic members, such as Bcl-2-associated X
protein (BAX) and Bcl-2 homologous antagonist/killer (BAK),
which serve as the final effectors of apoptosis by forming pores
in the external mitochondrial membrane via oligomerization.
Conversely, antiapoptotic proteins, such as the antiapoptotic
B-cell lymphoma-2 (Bcl-2) and B-cell lymphoma-extra-large (Bcl-
xl) proteins, act as cell death inhibitors.”® These antagonist pro-
teins can sequester their proapoptotic counterparts, thus pre-
venting cell death.”® Immunohistochemical assays have shown
that the antiapoptotic members Bcl-2 and Bclxl are over-
expressed in 50-70% of all pancreatic cancers.’

Another subfamily of Bcl-2 proteins comprises Bcl-2 hom-
ology 3 domain (BH3) mimetics, which act as activators of BAX
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and BAK and inhibitors of Bcl-2 and Bel-xl. Several studies on
different types of cancer have shown uncontrolled over-
expression of antiapoptotic members, an alteration that may
lead to the development of resistance to oncological treat-
ments.'® Research into the design and development of small
molecules that imitate the function of BH3-mimetics has
revealed their potential to induce apoptosis in cancer cells.
These molecules selectively bind to the active sites of anti-
apoptotic proteins such as Bcl-2 and Bclxl, disrupting their
interaction with pro-apoptotic  proteins.”'®  Navitoclax
(ABT-263) and venetoclax (ABT-199) are drugs used in the treat-
ment of acute and chronic leukemias acting as BH3-mimetics
targeting and inhibiting Bcl-xl."" Several studies developed to
induce cell death in pancreatic cancer have focused on the
identification of curcumin derivatives that possess multifunc-
tional pharmacological properties, including anti-oxidant,'?
anti-inflammatory"® and anticancer'* activities. However, their
clinical utility is limited due to extensive first-pass metab-
olism, which markedly reduces their oral bioavailability."> To
address this limitation, a key area of active research involves
the development of synthetic analogs of curcumin designed to
enhance its pharmacological effects. Recent findings suggest
that cinnamyl derivatives represent a new class of compounds
with significant therapeutic value.'® Cinnamyl-based com-
pounds are commonly synthesized via a standard Claisen—
Schmidt reaction, which is conducted via the condensation of
diacetyl and benzaldehyde.'”

Quinoxalines are a second class of highly promising hetero-
cyclic compounds characterized by a benzene ring fused to a
pyrazine ring. This unique structure endows them with a
broad spectrum of biological activities, including antibacterial,
anti-inflammatory, anticancer, and antimalarial effects.'®*°
Particularly, polyfunctionalized quinoxaline derivatives have
been identified as a new class of chemotherapeutics.*!

Recent studies have highlighted that cinnamyl (1,6-diaryl-
hexa-1,5-diene-3,4-diones) and quinoxaline (2,3-di((E)-prop-1-
en-1-yl)quinoxaline) derivatives (for instance, those shown in
Fig. 1) are highly effective apoptosis inducers. It is suggested
that these compounds exert their anticancer effects by target-
ing key signaling pathways associated with Bcl-2 family pro-
teins and caspases. By disrupting the anti-apoptotic functions
of Bcl-2 proteins and activating caspase-dependent pathways,
they effectively promote programmed cell death in pancreatic
cancer cells.*

This study is focused on elucidating and rationalizing the
affinity of some of the members of this new class of anti-pan-
creatic cancer candidates (Fig. 1) toward their pharmacological
targets, the anti-apoptotic proteins Bcl-2 and Bel-xl. To achieve
a comprehensive and reliable understanding, we employed a
multi-faceted computational approach. First, molecular
docking studies were conducted to rank the candidates based
on their binding affinity to these targets. Subsequently,
selected protein-inhibitor complexes were then subjected to
molecular dynamics simulations to assess their stability and
dynamic behavior over time. Weak interactions critical to the
stability of these complexes were identified through the ana-
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Fig. 1 Cinnamyl and quinoxaline derivatives considered in this work.2*

lysis of bond critical points (BCPs) using the Quantum Theory
of Atoms in Molecules (QTAIM)>® for which we constructed
simplified protein-inhibitor models. Furthermore, the
inherent molecular affinity of these candidates towards their
targets was evaluated using advanced reactivity descriptors,
some of which were derived from the temperature-dependent
chemical reactivity theory (t-CRT).>®° By integrating these
methodologies, our work aims to uncover key protein-inhibi-
tor interactions that, in addition to providing a rational expla-
nation for the stability of the studied protein-inhibitor com-
plexes, could guide the design and development of next-gene-
ration antineoplastic drugs with enhanced efficacy.

2. Computational strategies
2.1 Geometry optimization of inhibitors

For each inhibitor, an initial exploration of a diverse range of
possible rotamers was conducted using Born-Oppenheimer
molecular dynamics (BOMD) simulations at the PBE/DZVP?'?
level of theory, under elevated temperature conditions of 600 K
to enhance conformational sampling. Each simulation
spanned 700 steps for a total simulation time of 2
femtoseconds.

The resulting geometries were ranked in terms of their free
energies, and the selected structures were then optimized in
the gas phase using the ®B97XD*® density functional approxi-
mation (DFA), conjointly with the def2-TZVP** orbital basis set

This journal is © The Royal Society of Chemistry 2026
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for all atoms. It is well documented that this level of theory is
adequate to describe weak chemical interactions, such as
those observed in protein-inhibitor complexes.”® The resulting
lowest energy conformation was then selected. The effect of
the solvent medium on geometries and computed molecular
properties was additionally evaluated using a continuum
approach, particularly the SMD solvation model®® at the same
level of theory as the previous step. We confirm that all the
optimized structures (both in the gas and solution phases) cor-
responded to minima on the potential energy surface (PES) by
an analysis of vibrational frequencies. BOMDs were performed
with the deMon2k package,®® while geometry optimizations
and electronic structure calculations were carried out using
Gaussian 16 software.*”

2.2 Molecular docking and dynamics

Compounds M1-M7 were selected as ligands for molecular
docking and were previously optimized and prepared by
adding nonpolar hydrogens and Gasteiger charges using
AutoDock Tools 1.5.2 (ADT).*® The crystal structures of pro-
teins from the Bcl-2 family were obtained from the Protein
Data Bank (PDB) database (https:/www.rcsb.org/) under the
PDB IDs 4IEH (Bcl-2) and 3ZK6 (dimeric Bel-xl). Other studies
examined these proteins due to their interaction sites with
BH3-activating proteins.*®*° For both proteins, the water mole-
cules and the cocrystallized compounds bound to them were
eliminated using visual molecular dynamics (VMD) software.!
Subsequently, hydrogen atoms and Kollman charges were
added using ADT 1.5.2. The size of the grid on which the Bcl-2
interaction was established at coordinates x = 10.659, y =
24.4212, and z = 8.479 with 86 points on each dimension,
whereas the interaction box for the Bcl-xl protein was estab-
lished at x = 20.181, y = 52.776, and z = 0.135 with 102 points.
The Lamarckian genetic algorithm was realized by employing
100 docking runs, 26 000 generations, and 2.5 x 10’ energy
evaluations. The minimum energy conformations (EU) and
inhibition constants (K;) were determined using the ADT 1.5.2
interface. For comparison purposes, our docking study was
extended to the monomeric Bel-xl protein, which is suggested
as the simplest representative model for this protein.*> The
images of the protein-ligand interactions were visualized
using the Biovia Discovery Studio®® and Chimera** software
packages.

The protein-ligand complexes were analyzed via molecular
dynamics (MD) to evaluate their stability over time. At this
stage, only the monomeric Bcel-xl protein complexes were ana-
lyzed. After a short standard thermal and density-fitting equili-
bration protocol, a 300 ns isothermal-isobaric ensemble at
310 K and 1 atm production simulations were run in duplicate
using the open-source software NAMD v. 2.14*° and the
CHARMMS36 force field."® The NAMD psfgen program was
used to generate the topology file for the protein, while the
topologies for the M3 and M5 ligands were recovered with
CGenFF (https:/cgenff.com/). The final models of the protein-
ligand complexes were used to carry out equilibration of the
system, density fitting, and production MD simulations. The
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density equilibrium dynamics was applied to enable the
system to achieve a stable thermodynamic state prior to ana-
lysis, consisting of five steps to adapt the solvent, perform a
heating process, and adjust the volume. Based on the docking
results, the complexes exhibiting the lowest (M3-Bcl-xl) and
highest (M5-Bcl-xl) binding affinities—consistent, as discussed
below, with trends observed in the preliminary 300 ns mole-
cular dynamics simulations—were selected for an additional,
third independent simulation replica of 500 ns. The pro-
duction dynamics were analyzed to assess the stability of these
complexes using the root mean square deviation (RMSD), the
distance from the center of mass (distCOM), and the root
mean square fluctuation (RMSF). Additionally, two replicas
were run for 300 ns for the reference Bcl-xl inhibitor Navitoclax
(PDB ID: 4LVT), and three replicas were run for the ligand-free
Belxl protein. This set of calculations performed here
summed up to over 4.3 microseconds of combined MD simu-
lation time.

2.3 Representative models of the Bcl-xl-ligand binding sites

To enable a robust assessment of the energetic stability of the
Belxl-ligand complexes under investigation, we performed a
systematic relaxation of the binding site for each system using
progressively refined levels of approximation. This multistep
protocol allowed us to derive reduced, yet chemically represen-
tative, binding-site models that are suitable for subsequent
first-principles density functional theory (DFT) calculations.
First, each ligand-protein complex was subjected to a multi-
stage energy minimization protocol in the presence of the full
protein and explicit solvation. This procedure consisted of
three consecutive steps. (1) An initial relaxation of 3000 conju-
gate-gradient minimization steps was performed using the
CHARMMS36 force field for all atoms. (2) This was followed by
3000 hybrid QM/MM minimization steps. The QM region was
defined as the ligand together with all protein residues exhibit-
ing at least one interaction within a distance cutoff of
3.5-3.9 A from the ligand. This cutoff was systematically
adjusted to yield a computationally tractable QM region of
approximately 300 atoms. The QM subsystem was treated at
the semiempirical PM3*” level using ORCA,*® while the MM
region was described with the CHARMMS36 potential. (3) Using
the same QM/MM partitioning, a final set of 200 minimization
steps was carried out with the QM region described at the DFT
level using the B97-3c/def2-SVPD*° method. No positional
restraints were applied during this stage.

Following these relaxations, the QM region was extracted by
truncating the surrounding MM environment while retaining
key backbone atoms. The resulting reduced models were
capped and reconnected to preserve the protein backbone con-
tinuity, with first-coordination-sphere fragments including up
to three residues. To improve model robustness and reduce
complexity, non-interacting loop regions were systematically
replaced by alanine residues, thereby decreasing the total
number of protein fragments while maintaining the structural
integrity of the binding site. This reduction strategy follows
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established protocols previously demonstrated to yield reliable
interaction energies in protein-ligand systems.>*>!
As a final stage, we computed the interaction energies of

the resulting complexes following the supermolecule
approximation:
AEint - Ecomplex - (Eprotein + Eligand) (1)

requiring single-point energy calculations for both the
complex and the isolated species. These calculations were per-
formed at the three different levels of theory: wB97XD-3/def2-
SVP, B97-3c/def2-SVP and PBEh-3c/def2-mTVZP.>?

2.4 Protein-ligand interactions via QTAIM of generated
representative models of the Bcl-xI-ligand binding sites

To elucidate and characterize key inter- and intramolecular
interactions between the Bcl-xl protein and the M3 and M5
ligands, we conducted a topological analysis of the electron
density, using the theoretical framework of the Quantum
Theory of Atoms in Molecules (QTAIM) proposed by Bader.®
For this purpose, we used the simplified representative models
optimized in the preceding subsection. Our primary focus was
to identify and analyze bond critical points (BCPs) at the inter-
face of the host protein and the inhibitor within the binding
pocket, providing insights into the nature and strength of
these interactions. QTAIM properties were calculated using
MultiWFN 3.8,>* focusing on bond critical points (BCPs) that
define interactions between the protein and ligand.
Specifically, we extracted key descriptors, including the elec-
tron density, Lagrangian kinetic energy, potential energy
density, total energy density, the Laplacian of the electron
density, and the —G(r)/V(r) ratio.

2.5 Chemical reactivity descriptors

We analyzed two sets of chemical reactivity descriptors using
the optimized geometries of the isolated inhibitors as the
starting point. Standard conceptual reactivity indicators were
computed, including the electronic chemical potential (u),
which follows a similar equation to Mulliken electronegativity
and serves as a measure of the electronic species’ acidity
strength; chemical hardness (5), which reproduces Pearson’s
empirical hardness scale; and global electrophilicity (w),>* a
descriptor closely related to Pauling electronegativity,>® along
with the electroaccepting (w") and electrodonating (w~) powers
reported by Gazquez, Cedillo & Vela.>® Their definitions and
working equations are provided in the SI (Table S1). The
ionization potential (/) and electron affinity (4), required for
these calculations, were obtained vertically using an ensemble
model comprising three fundamental states: N, — 1 (cation),
Ny (neutral) and N, + 1 (anion). Additionally, the Fukui func-
tion®” was computed in a similar manner conjointly with the
Dual Descriptor (DD).>® The corresponding scalar plots were
visualized using MultiWFN 3.8, while condensed Fukui values
were determined using the response-of-molecular-fragment
approach, based on the same three-state ensemble model.

1644 | Org Biomol Chem., 2026, 24, 1641-1658

View Article Online

Organic & Biomolecular Chemistry

Hirshfeld population analysis was employed to calculate the
required atomic charges.>*®°

We also analyzed chemical reactivity descriptors within the
finite-temperature regime, focusing on the local counterparts
of chemical potential and chemical hardness.®’™®* These
descriptors illustrate how global properties are distributed
across molecular space, helping to identify key reactive sites
and providing a chemical interpretation. Specifically, the local
chemical potential highlights acidic and basic moieties, while
the local hardness pinpoints regions reluctant to charge trans-
fer; this descriptor is also known to be related to the Hard &
Soft Acids & Bases (HSAB) principle at the local level.®® In this
way, these descriptors offer valuable insights into the contri-
bution of key moieties to the observed binding affinity toward
Bcl-2 and Bcel-xl proteins. Conveniently, computing these
descriptors requires no additional calculations, as detailed in
the SI, where the practical calculation schemes are provided.

2.6 Absorption, distribution, metabolism and excretion
profiles

To complete the molecular and pharmacological profiling, we
computed absorption, distribution, metabolism, and excretion
(ADME) properties using the freely accessible SwissSADME web
server.®® In total, twelve ADME-related descriptors were evalu-
ated for each compound.

3. Results and discussion
3.1 Structural properties

The optimized geometries of the cinnamyl and quinoxaline
derivatives under study are shown in Fig. S1 of the SI. For the
cinnamyl derivatives M1-M4, the results revealed C-O dis-
tances of 1.22 A and C1-C2 bond lengths ranging from 1.46 to
1.47 A. These values closely match those typically observed in
the cinnamyl group, where C-C distances around 1.39 A have
been reported based on X-ray diffraction data.®® Similarly, in
the quinoxaline derivatives (M5-M7), the N-C5 bond distance
was found to be 1.32 A, while the N-C3 bond length ranged
from 1.36 to 1.37 A. These values align well with literature-
reported bond lengths for the pyrazine ring in quinoxaline.®”
These results suggest that our selected theoretical protocol is
adequate for the computation of the geometrical parameters
of these two families of compounds.

3.2 Molecular docking of M1-M7 ligands with the Bcl-2
protein

We evaluated the protein-inhibitor interactions by analyzing
the binding affinity, inhibition constant (K;), and the most sig-
nificant noncovalent protein-ligand interactions, as summar-
ized in Table 1. According to these results, the seven ligands
under study are able to form stable complexes with the antia-
poptotic protein Bcl-2. From the cinnamyl derivatives, the M1
ligand presented the highest affinity for Bcl-2, as indicated by
the low values of BE and K; conjointly with the short distance
of its most significant intermolecular interaction. These com-

This journal is © The Royal Society of Chemistry 2026
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Table 1 Results from our molecular docking analysis between ligands M1-M7 and antiapoptotic proteins of the Bcl-2 family
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Protein Ligand Binding sites Binding energy (kcal mol™") Inhibition constant (4M) Binding distance (A) ~Most significant interaction

Bcl-2 M1 Arg66 —6.33 22.79 1.973 N-H---Oyjg
M2 Arg105 —5.53 88.50 2.201 N-H---Ojjg
M3 Arg66 -5.33 124.5 2.066 N-H-+-Ojig
M3 Gly104 —5.14 170.9 2.214 N-H---Oyjg
M4 Arg66 —5.87 49.83 1.970 N-H:--Oyjg
M5 Arg105 —8.89 0.303 1.934 N-H---Oyjg
M5 Tyri61 —8.45 0.664 2.057 H-O---H-Nj;g
M6 Arg66 —7.30 4.490 1.917 N-H---Oyjg
M7 Arg105 —6.75 11.30 2.127 N-H:-N-Cy;g

Bel-xl M1 Ser106 —6.78 60.80 2.984 N-H---Oyjg
M2 Ser106 -6.42 19.69 2.984 N-H--Oyiq
M3 Ser106 —5.29 133.5 2.989 N-H---Oyjg
M4 Ser106 —5.90 47.59 2.896 N-H:--Oyjg
M5 Ser106 -9.15 0.197 2.160 C-0O---H-Njjg
M5 Arg139 -8.35 0.762 2.951 N-H-+-Ojig
M5 Gly138 -9.49 0.111 2.128 C=0---H-Nj;g
M6 Ser106 —7.46 3.420 2.751 C=0:---N-Cjjg
M7 Ser106 —8.05 1.250 2.685 C=0---N-Cy;q

puted binding energies are close to previous results reported
for flavonoids through a similar molecular docking strategy
with these proteins.* Interestingly, the quinoxalines M5-M7
exhibit higher affinity for the Bcl-2 protein than their cinnamyl
counterparts, exhibiting lower binding energies and inhibition
constants. Overall, the quinoxaline M5 displayed the best
affinity parameters for this protein. The computed binding
energy values for this ligand (—8.89 and —8.45 kcal mol™") are
close to those reported for a quinoxaline-1,3,4-oxadiazole com-
pound on the Bcl-2 protein in a previous molecular modeling
study (8.3 kcal mol™).**® It is worth noting that the
binding distance of the most significant interaction (with
Arg105) is the shortest observed, which could be indicative
that the interaction with the Arg105 residue is relevant for the
inhibition of the Bcl-2 protein.

Previous studies of molecular docking®*°>”° have identified
Arg66, Argl05, Gly104, Tyr161, and Trpl03 as key residues
within the Bel-2 inhibition site, where cinnamyl and quinoxa-
line derivatives engage in hydrogen bonding, van der Waals,
n---x, n---alkyl, and =---6 interactions, among others. Fig. 2a
highlights the key interactions observed for the most active
derivative, M1 (cinnamyl), demonstrating that these specific
interactions dictate the binding pattern of the ligands with
Bel-2 and further validate the findings from our docking ana-
lysis. Notably, within the binding pocket, the M1 derivative
adopts a folded conformation. However, the intrinsically larger
angle between the benzene rings in quinoxaline derivatives—
compared to their cinnamyl counterparts—may facilitate inter-
actions with more residues.

3.3 Molecular docking of the ligands M1-M7 with the Bel-xl
protein

As in the case of the Bcl-2 protein, the quinoxaline derivatives
exhibited better binding parameters than the cinnamyl-based
compounds. M3 and M5 are the lowest and highest binding
energy cinnamyl and quinoxaline derivatives for the dimeric
protein Bclxl, with binding energies of —5.29 kcal mol™" and

This journal is © The Royal Society of Chemistry 2026

—9.49 keal mol ™", respectively (Fig. 2b). This time M5 exhibited
three highly stable coordination patterns (Fig. 2c), with two of
them (Ser106 and Gly138) having almost equal probabilities of
occurring (Table 1). Note that the oxygen of the a-dicarbonyl
and furan moieties of M1 and M5, respectively, are the mole-
cular moieties responsible for their observed high affinities
with both proteins. The M6 and M7 compounds bound to
Ser106 via the nitrogen in benzopyrazine, whereas the furan
and thiophene rings in their structures engaged in =---m,
n---alkyl, and =#---c interactions with the Phe105 and Leul08
benzene rings. The different binding patterns observed across
the set of ligands here studied can be in part attributed to the
flexibility of the protein near the binding pocket; the Phe105,
Ser106, and Leu108 residues form part of a-helix 3, which has
a high degree of plasticity that enables the structure to be
modified via interactions with small molecules, allowing
modification of the inhibition site and preventing the protein
from oligomerizing with apoptotic proteins and participating
in the interruption of apoptosis.”* We extended the docking
analysis to the monomeric form of Bcl-xl and observed the
same stability trend as that obtained for the dimeric protein,
as summarized in Table S2 of the SI. Although the overall
trends are consistent, the coordination patterns differ in
number, reflecting the reduced availability of coordinating
residues in the monomeric protein (see Fig. S2).

3.4 Molecular dynamics of the ligands M3 and M5 in
complex with the monomeric Bcl-x] protein

As the next step, we conducted molecular dynamics simu-
lations on the ligands with the highest and lowest binding per-
formance toward the Bel-xl protein, since this protein has been
shown to be 10 times more functional than Bcl-2 due to its
broader expression in different types of cancer, as well as its
role in resistance to chemotherapy and its relevance to solid
tumors.”>”? This analysis aimed to uncover potential mecha-
nisms governing binding affinity patterns and to further vali-
date the findings from our molecular docking study. As

Org. Biomol. Chem., 2026, 24,1641-1658 | 1645
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Fig. 2 3D and 2D pictures of (a) compound M1 at the active site of Bcl-2 protein, (b) M3 complexed with the active site of Bcl-xl and (c) compound

M5 bound to the binding site of Bcl-xl.

demonstrated below, the docking protocol employed in this
study reproduces stability trends that are consistent with those
obtained from ab initio DFT calculations for these systems.
These results indicate that the preliminary docking outcomes

1646 | Org. Biomol. Chem., 2026, 24, 1641-1658

for Bcl-2 are representative of the underlying interaction ener-
getics and can therefore be reliably used as qualitative guide-
lines for subsequent, higher-level theoretical analyses. First,
we analyzed the protein conformational changes based on the

This journal is © The Royal Society of Chemistry 2026
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simulation trajectories for each system. Structural modifi-
cations at the active inhibition site were examined visually
using VMD, comparing the native (ligand-free) protein with
the complexes obtained from molecular docking. To quantify
these changes, the root mean square deviation (RMSD), the
distance between the center of mass (COM) of the ligand and
the protein (distCOM), and the residue-based root mean
square fluctuation (RMSF) were calculated, with the corres-
ponding graphs presented in Fig. 5. The RMSD graph (Fig. 3a)
indicates that the native protein exhibited values less than 2 A
throughout the simulation, a typical value for MD simulations
of stable, natively folded proteins. For the Bcl-xI-M3 complex,
fluctuations were observed throughout the simulation at 20 ns,
60 ns, and 150 ns; for this reason, the ligand can be con-
sidered unstable at the binding site, whereas the Bcl-xI-M5
system exhibited 1.5 A, remained stabilized during the simu-
lation and was more stable than the Bcl-xI-M3 system.

We used the distCOM factor for characterizing the dynami-
cal behavior of the overall molecular system, identifying
whether the center of mass of the ligand moves farther away
from or closer to the center of mass of the pharmacological
target. The orange line in Fig. 3b shows that the M3 ligand
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remained within the binding site for the initial 40 ns.
However, when it reached 45 ns of simulation, the behavior
fluctuated, reaching up to 95 A from the center of mass of the
protein, wherein the ligand left the docking groove, meaning
that the complex lost its stability. However, at 220 ns, the
protein underwent conformational changes within the active
site, and the ligand itself docked again within the binding
cavity until 500 ns, very close to the original binding mode,
showing distances less than 20 A between the centers of mass,
suggesting that the MD calculations could refine the results
obtained in the molecular docking. The M5 ligand remained
within the active site because the distance to the center of
mass was constant for 500 ns. Three replicas of 300 ns were
run, and the results were consistent in both cases. The RMSF
of the Ca atoms for the residues was calculated for the three
systems.

The RMSF set out in Fig. 3c enables the identification of
the most flexible regions in the protein system. The orange
line corresponds to the complex containing the M3 ligand,
where the Ca atoms presented the highest fluctuations, with
Bcl-xl as the reference point. The dynamic profile of the Bel-xl-
M5 complex resembled that of the native structure, except for
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(a) RMSD graph for the native structure (royal blue), Bcl-xl-M3 (tangerine), and Bcl-xl-M5 (navy blue) complexes over 500 ns of simulation;

(b) graph for the distance from the center of mass between the protein and the M3 and M5 ligands; the tangerine line shows that the M3 ligand was
farther away from the center of mass of the ligand, thus indicating that it left the binding site along with the protein; (c) RMSF graph for the C, of
residues at the globular site of the native protein and the Bcl-xl-M3 and Bcl-xl-M5 complexes, with the navy blue line showing lower fluctuations
for Ser106, Phe104, and Gly108; and (d) representation of the Bcl-xl-M5 complex throughout the production simulation, with the ligand (gray struc-
ture) remaining at the binding site of the protein, forming a protein—ligand complex with high affinity and stability.
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residues 102 and 117, which correspond to Arg and Gly,
respectively; those residues were not observed within the active
site. Furthermore, amino acids Phe105, Ser106, Leu108, and
Arg139 had the lowest fluctuations of 0.4-0.5 A, suggesting
that these residues were involved in stable interactions with
the M5 ligand, as previously inferred in our docking study. In
contrast, for the M3 ligand, these residues fluctuated above
0.5 A. These residues are considered conserved in the Bel-xl
protein’> because they play a fundamental role in rational
drug design, since they are within the inhibition site.”® Our
findings suggest that the M5 ligand stabilizes the Phe105,
Ser106, Leu108, and Arg139 residues, minimizing fluctuations
due to its hydrogen bond interactions. Together, our docking
and molecular dynamics results clearly indicate that the M5
quinoxaline derivative may be considered as an effective
inhibitor of Bcl-xl protein and a promising antineoplastic
candidate.

3.5 Energetic stability of the representative models of the
Bel-xl-ligand binding sites

Following the optimization and truncation procedures, we
observed that the overall binding patterns were largely pre-
served. The key binding moieties remained essentially
unchanged, and the general orientation of the ligands within
the binding pocket was maintained. Fig. 4 illustrates the
resulting binding-site models for the M3 and M5 ligands
bound to Bel-xl, highlighting the representative configurations
from which the most significant interactions are discussed in
the following section.

The corresponding energetic analysis is summarized in
Table 2. For comparative purposes, we included the clinically
relevant reference compound Navitoclax (PDB ID: 1X]), for
which a representative binding-site model was generated fol-
lowing the same protocol described in the Computational
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Table 2 Interaction energies of the ligand—protein systems in kcal
mol~ computed at different levels of approximation

1Cs0 wB97XD-3  B97-3¢ PBEh-3c
Ligand (M)  Docking def2-SVP  def2-SVP  def2-mTVZP
M1 40.25 —7.49 —36.245 —-34.776 —23.655
M2 50.19 —7.50 —52.381 —56.952 —-35.232
M3 1.45 -5.29 —38.824 —-35.121 —23.828
M4 23.49 —6.85 —55.668 —60.264 —-39.272
M5 35.14 -9.49 —59.684 —53.820 —41.750
Me6 38.36 -9.23 —45.564 —39.474 —29.868
M7 26.95 —8.05 —41.602 —44.183 —29.378
Navitoclax 1.98 -15.97 —108.176 —-101.432 —104.632

Details section. As for the derivatives under investigation, the
interaction energy for Navitoclax was computed using the
supermolecular approach (eqn (1)), ensuring methodological
consistency across all systems.

A first notable observation is that all evaluated compounds
exhibit favorable interactions with the Bclxl protein. As
expected, the reference inhibitor Navitoclax displays the
highest binding affinity, with an interaction energy nearly
twice as favorable as that of the most stable derivative exam-
ined in this study. Among the newly investigated compounds,
both the ®B97X-D3 and PBEh-3c density functional approxi-
mations consistently identify M5 as the derivative with the
strongest affinity toward Bcl-xl, whereas M1 is systematically
predicted to be the least affine compound by all three DFAs
considered. Importantly, all these energetic trends are fully
consistent with the results obtained from the docking analysis.

The close agreement between the ®B97X-D3 and PBEh-3c
functionals further supports their suitability for evaluating
protein-ligand interaction energetics in this system. Given that
both methods reproduce identical stability rankings,
®B97X-D3 emerges as a particularly attractive choice due to its
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Fig. 4 Representation of the BCPs (green spheres) corresponding to the protein—ligand interactions (orange line) for the reduced complexes of the
M3 and M5 ligands in the Bcl-xl protein. The ligands are represented by black C—C bonds, whereas the protein structure is represented by gray C-C

bonds.
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lower computational cost while maintaining reliable energetic
discrimination among the ligands.

3.6 Protein-ligand interactions via QTAIM

At this stage, we aimed to characterize protein-ligand inter-
actions at the electronic level using QTAIM-defined bond criti-
cal points (BCPs). To achieve this, we used the reduced models
of the protein-ligand interaction site previously obtained via
equilibrium geometries from MD simulations as starting
points. The quantum parameters computed for the most rele-
vant BCPs of the protein-ligand bonds in the reduced Bcl-xI-
M3 and Bcl-xI-M5 complexes are presented in Table 3.

For the Bcl-xI-M3 complex, the electron density at the BCPs
ranged from 0.008 to 0.016 a.u., consistent with hydrogen
bonding interactions. This observation is reinforced by the
computed —G(r)/V(r) ratios, where positive values indicate that
kinetic energy dominates over potential energy, a hallmark of
non-covalent interactions typically governed by
electrostatics.”*”7® A similar behavior was observed for the Bel-
xI-M5 complex; however, the electron density at the BCPs
ranged from 0.004 to 0.029 a.u where BCP 11, corresponding
to the interaction between the oxygen of the OH group of
Tyr101 and the amide N-H proton in quinoxaline, exhibited
the highest electron density accumulation among all BCPs.
This suggests that this specific interaction plays a crucial role
in the higher affinity of M5 toward Bcl-xl. Interestingly, this
interaction was not identified in Table 1 as one of the most sig-
nificant from our docking analysis, underscoring the impor-
tance of electronic structure-based approaches for accurately
identifying key protein-ligand stabilizing interactions. Note
that M3 does not exhibit such relevant interaction, which may

Table 3 Topological properties of the BCPs of the protein-ligand
bonds for the reduced Bcl-x1-M3 and Bcl-xl-M5 complexes, calculated
at the ®B97XD-3/def2-SVP level of theory (units are given in a.u.)

ID Electron density Ratio

BCP p(r) —G(r)/v(r) Ligand-residue interaction
Reduced Bcl-xI-M3 complex

1 0.016 1.025 Ala9SCO"'HCfuranLig

2 0.009 1.187 vai141CH*-Cpyran

3 0.012 0.999 Pheo7CH---HClig

4 0.005 1.334 Tyr101ringCH-O=Clig
5 0.008 1.177 Pheo7ringCH--*C=Clig
6 0.008 1.064 ArglosCN"'HCfuran

7 0.015 0.984 arg130CH - “HCfuran

8 0.010 1.011 ArglsQCH"'Ofuran

9 0.005 1.213 Gly13sCH--0=Cpjg
Reduced Bcl-xI-M5 complex

1 0.004 1.226 Gly13sNH:-O=Crig

2 0.008 1.349 Gly138CH:-O=Crjg

3 0.015 0.968 Arg139CH - HCrig

4 0.013 1.105 arg130CH---HCypjg

5 0.004 1.275 Leu130CH**Npyrazine

6 0.015 0.928 arg130CH:-HCpjg

7 0.008 1.220 Ala104CH"’CringfLig

8 0.005 1.349 Ala10aCH--O=Cligy

9 0.014 1.070 Phe105ringCH"'HCLig
10 0.008 1.169 Phe97ringCH"'Cring—Lig
11 0.029 1.070 1yr101CO* - HNpjg

This journal is © The Royal Society of Chemistry 2026
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have an impact on its affinity for the protein, as our results in
Table 1 indicate.

By summing up the electron density at the critical points
(BCPs) linking protein residues to ligand moieties, we found
that the Bcl-xI-M5 complex accumulated a higher electron
density (0.198 a.u. across 32 BCPs) compared to Bcl-xl-M3
(0.142 a.u. across 28 BCPs). This suggests that Bcl-xI-M5 not
only engages in more non-covalent interactions than Bcl-xl-
M3, but also that its weak intramolecular interactions contrib-
ute more significantly to stability, providing a plausible expla-
nation for the observed differences in their binding affinities
toward Bcl-xI protein. Fig. 4 depicts the most relevant BCPs for
both complexes, revealing that oxygen atoms (a-dicarbonyl and
furane in M3 and amide carbonyl in M5) are important elec-
tron donors, forming up to three relevant non-covalent inter-
actions for both ligands. This observation complements the
results previously inferred from the docking analysis.

3.7 Chemical reactivity analysis

Building on the gathered information, we aim to explore the
relationship between ligand affinity for both proteins and their
intrinsic reactivity properties. To achieve this, we computed the
chemical reactivity descriptors outlined in the computational
strategies section and the SI. Our previous findings suggest that
electrostatics play a crucial role in the stability of the ligand-
protein complex, prompting us to include the dipole moment
magnitude of the ligands in our analysis, calculated at the same
level of theory as the reactivity descriptors. We examined trends
by correlating binding parameters obtained from our docking
study and the ICs, values reported for these compounds against
the PANC-1 cell line** with the reactivity descriptors. For consist-
ency and comparative analysis, we adopted the energetic profiles
derived from the docking studies, as these data are also avail-
able for the corresponding Bcl-2 complexes. Moreover, our
theoretical results demonstrate that the docking protocol repro-
duces the same relative reactivity trends observed with higher-
level DFT calculations. This agreement indicates that docking-
derived energetics can serve as a reliable and computationally
efficient proxy for estimating binding affinities and for prioritiz-
ing additional candidate compounds without the need for more
demanding ab initio calculations.

As a first step, we explored the inherent reactivity trends of
our derivatives by analyzing the donor-acceptor map (DAM)
diagram (Fig. 5), introduced by Martinez,”” which classifies
chemical species based on their electron-donating and elec-
tron-accepting capacities. A low @~ value indicates a strong
capacity for donating electrons, whereas a high o' value
suggests an elevated capacity for accepting electrons.
Quinoxalines are positioned in the lower left-hand section of
the map, indicating their role as electron-donating species,
while cinnamyls are in the upper right-hand section, behaving
as electron-accepting entities (or weak electron-donors). This
trend can be rationalized by direct analysis of their structural
features. In cinnamyls, the vinyl group contains a carbon-
carbon double bond with significant n-character, enabling
electron delocalization. In quinoxalines, however, the n-system
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Fig. 5 Donor—acceptor map (DAM) diagram for the cinnamyl and qui-
noxaline derivatives, where M5 had the highest electron-donating
capacity, and the circles represent the cinnamyl derivatives, of which M2
had the highest electron-accepting power, respectively.

extends further, incorporating both the benzene ring and the
benzopyrazine moiety, allowing for greater electron delocaliza-
tion throughout the structure.

Before conducting our analysis using both global and local
chemical reactivity indicators to infer the reactivity trends of the
studied ligands (Table 4), it is important to highlight that local
reactivity indicators were primarily computed for the oxygen
atoms in the o-dicarbonyl groups (cinnamyls) and the hetero-
atoms in benzopyrazine moieties (quinoxalines). This focus is jus-
tified for two key reasons: (i) these atoms participate in the most
significant interactions, as indicated in Table 1, and (ii) although
the electron density at their corresponding critical points was not
predominant (see Table 3), our analysis revealed that these atoms
exhibit three critical points with notable charge density,
suggesting their crucial role in ligand-protein interactions.

For the Bcl-2-ligand complexes, we observed a strong corre-
lation between the w'/w™ ratio and the binding energies (BEs)

View Article Online
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calculated in our docking studies, yielding an R* value of 0.907
(Fig. 6a). To construct this plot, the data for the M3 compound
were excluded as it deviated significantly from the correlation
trend. However, even when including M3, the computed R
value of 0.807 remains acceptable. This finding underscores
the importance of the inherent balance between electrophili-
city and nucleophilicity in the stability of these complexes,
suggesting that pronounced back-bonding and/or amphiphili-
city effects may be occurring within the binding pocket. This is
consistent with the diverse array of weak interactions identi-
fied in our docking and molecular dynamics studies and bond
critical point (BCP) analyses for these systems. The most active
derivative, M5, exhibited the highest w'/w™ ratio, while the
least active compound, M2 (excluding M3), showed the lowest
ratio. This indicates that the electron-donating interactions
from the protein to the inhibitor likely dominate over electron-
accepting interactions. This interpretation is further supported
by the higher correlation coefficient observed when using elec-
tron affinity (4) as a descriptor (R* = 0.805) compared to ioniza-
tion potential (I) (B> = 0.675), both excluding Ms3.
Consequently, the atypical behavior of M3 may be attributed to
mechanisms other than the typical donor-acceptor process
that could be hindering its activity against the protein.
Additionally, our analysis using temperature-dependent
local descriptors revealed that the activity of these compounds
is also influenced by their local hardness properties (Fig. 6b).
Notably, the interacting moieties in cinnamyls (e.g, the
a-dicarbonyl oxygen atom) are harder than those in quinoxa-
lines, which may partially explain why cinnamyls are generally
less reactive than quinoxalines. M5, the most reactive com-
pound, possesses the second least hard atom, surpassed only
by M6 by a negligible difference of 0.03 eV. This classifies the
amide oxygen in M5 as a strong, soft nucleophile, emphasizing
the critical role of the amide moiety in its activity.
Interestingly, among the cinnamyls, the least reactive deriva-
tive, M3, contains the softest atom, while the oxygen in M1,
the most active cinnamyl, is the hardest. This contrasting

Table 4 Computed global chemical reactivity descriptors in the gas and aqueous (in brackets) phases for the cinnamyls and quinoxalines under

consideration. Energy units in eV

®B97XD/def2-TZVP

Ligand ICso (LM) I A U n @ o' ® Dipole (debye)
M1 40.25 8.42 1.29 —4.86 7.13 1.65 6.18 1.32 0.001
(6.85) (3.24) (=5.05) (3.6) (3.53) (9.81) (4.77) (2.48)
M2 50.19 8.51 1.38 —4.95 7.13 1.71 6.35 1.4 0.003
(6.84) (3.23) (=5.03) (3.61) (3.51) (9.76) (4.73) (1.8)
M3 1.45 8.34 1.26 —4.80 7.09 1.63 6.1 1.29 1.05
(6.06) (3.26) (~4.66) (2.79) (3.89) (10.27) (5.62) (3.26)
M4 23.49 8.36 1.32 —4.84 7.04 1.67 6.19 1.35 0.97
(6.2) (3.27) (-4.73) (2.94) (3.82) (10.19) (5.45) (3.04)
M5 35.14 7.17 0.93 —4.05 6.24 1.32 5.05 0.99 6.29
(5.95) (2.58) (~4.26) (3.38) (2.69) (7.73) (3.46) (10.35)
M6 38.36 7.22 0.97 —-4.09 6.25 1.34 5.12 1.02 1.22
(5.86) (2.64) (~4.25) (3.22) (2.8) (7.93) (3.68) (1.96)
M7 26.95 7.29 1.06 —4.18 6.23 1.4 5.27 1.1 0.75
(5.95) (2.63) (~4.29) (3.32) (2.78) (7.91) (3.61) (1.43)
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Fig. 6 (a) */w~ vs. BE and (b) 5(r) vs. BE profiles for inhibitors binding
to the Bcl-2 protein. The data for M3 (highlighted in red) in (a) were
excluded due to its significant deviation from the correlation trend.

trend may reflect fundamental differences in the reactivity pro-
files of cinnamyls and quinoxalines. Specifically, the protein—-
ligand interactions in cinnamyls may be influenced by the
HSAB principle at the local level, where hard ligand fragments
preferentially interact with hard enzyme moieties. This state-
ment must be corroborated in further studies by analyzing the
influence of hard protein fragments on the formation of
protein-ligand complexes.

In contrast to the results observed with the Bcl-2 protein,
the w'/w™ ratio did not exhibit a strong correlation with the
affinity data obtained for the Bcl-xl complexes, yielding an R
value of 0.62. Notably, both M3 and M6 showed the largest
deviations from the correlation trend. When these two com-
pounds were excluded, the correlation improved significantly,
with an R®> value of 0.94 (Fig. 7a). Interestingly, M6 also
deviated from the correlation trend in the Bcl-2 analysis

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 (a) */w™ vs. BE and (b) #(r) vs. BE profiles for inhibitors binding
to the Bcl-xl protein. The data for M3 and M6 (highlighted in red) in (a)
were excluded due to their significant deviation from the correlation
trend. The data used for (b) only included results from the cinnamyl
family of derivatives.

(Fig. 6a), but this deviation was more pronounced for the Bcl-
xl complex. Upon closer examination of Fig. 1, it becomes
evident that both M3 and M6 contain furan rings, suggesting
that this functional group may confer a distinct binding
pattern to these proteins compared to other derivatives.
Similar to the findings with Bcl-2, good correlations were
obtained for Bel-xl using electron affinity (4) and ionization
potential (I) as descriptors, but only when M3 and M6 were
excluded. The correlation was stronger for A (R* = 0.930) than
for I (R* = 0.845), reinforcing the idea that electron donation
from the protein to the inhibitor plays a significant role in sta-
bilizing these complexes, as observed with Bcl-2.
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The local hardness versus binding energy (BE) profile for
Bcl-xl (Fig. S3) closely resembled that of Bcl-2. Specifically, the
most active derivative, M5, possessed the second least hard
atom, while the most active cinnamyl, M1, displayed the
hardest oxygen atom. However, as illustrated in Fig. 5b, the
interaction between cinnamyls and Bcl-xl appears to be
strongly influenced by the HSAB principle at the local level;
when only cinnamyls were considered, the correlation between
local hardness and BE was remarkably high, with an R* value
of 0.964. This suggests that the reactivity and binding affinity
of cinnamyls to Bclxl are governed by local electronic pro-
perties, where hard ligand fragments preferentially interact
with hard protein moieties.

As a next step, we investigated potential correlations
between our reactivity descriptors and the experimentally
measured ICs, values reported in a previous study for the
PANC-1 cell line.* It is pertinent to recall that both the Bel-2
and Bcl-xl proteins are present in this cell line and thus both
can interact with inhibitors. Analysis using local descriptors
revealed that the local chemical potential is exceptionally
linked to the IC5, values when cinnamyls and quinoxalines are
analyzed separately. As discussed, their reactive nature is dis-
tinct between these families due to several factors. The
observed trend provides the following insightful result, the
basicity of the a-dicarbonyl oxygen is a key determinant of cin-
namyl activity: the more basic the oxygen, the more potent the
cinnamyl; the acidity of terminal functional groups in the side
chains of quinoxalines determines the activity of this family:
the more acidic the substituent, the more potent the quinoxa-
line. This behavior resembles that observed for local hardness
and may reflect the difference and diversity of weak inter-
actions observed in each family of derivatives with the Bcl-2
protein.

It is important to note that ICs, values are not expected to
align closely with the BEs calculated in this work, as external
factors such as solubility, permeability, and availability—gov-
erned partially by electrostatics—can significantly influence a
ligand’s ability to inhibit its pharmacological target in a bio-
logical or in vitro setting. While the ICs, values generally did
not correlate with the BEs computed in this study, an intri-
guing inverse trend was observed among the cinnamyls.
Specifically, M3 exhibited the lowest IC5, value, indicating the
highest potency, while M1 and M2 showed the highest ICs,
values, corresponding to lower activity. This discrepancy with
our molecular docking and molecular dynamics results can be
partially explained by examining the dipole moments of these
compounds. M3 and M4, the most polar cinnamyls, likely
benefit from enhanced solubility and relative abundance in
aqueous-based environments (including blood), which may
contribute to their improved inhibitory performance. In con-
trast, M1 and M2, with lower dipole moments, are less polar
and may suffer from reduced availability, potentially related to
their higher ICs, values (Fig. 8a). Interestingly, M5, the most
active derivative according to our docking results, displayed a
high dipole moment, which can be related to its favorable
spatial distribution of its electrophilic/nucleophilic balance
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(Fig. 8b). However, in terms of ICs, values, it ranked as the
third most active compound. This discrepancy indicates that
while its pronounced polarity likely enhances its reactivity and
binding affinity to the target protein, the substantial dipole
moment may hinder its membrane permeability, potentially
compromising cellular uptake and overall efficacy. This obser-
vation suggests that the binding pockets of these proteins
possess a higher polarity profile compared to biological mem-
branes and cell walls. For instance, the Bcl-2 protein binding
pocket is considerably composed of hydrophilic residues,
including Arg66, Arg105, and Tyr67, which are strategically
positioned at the binding interface. As previously
reported®>”®”7* and confirmed in this study (see Fig. 2), these
residues play a crucial role in stabilizing complexes with the
Bcl-2 protein. Moreover, our findings suggest that these key
residues impose specific polarity requirements on potential

This journal is © The Royal Society of Chemistry 2026
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inhibitors, highlighting their importance in ligand recognition
and binding affinity.

In a simplified interpretation, ligands bound to these pro-
teins can thus be conceptualized as molecules confined within
a medium of relatively high polarity, a scenario that aligns
with the foundational principles of continuum solvation
models. Consequently, one might hypothesize that molecular
descriptors calculated within a polar solvent continuum frame-
work could partially reflect the electrostatic environment
experienced by ligands within these protein binding sites.
Interestingly, we observed good to notable -correlations
between several computed descriptors and the binding ener-
gies (BEs) in this study, without the need to exclude any deriva-
tives—a limitation encountered with reactivity descriptors cal-
culated in the gas phase. Specifically, the binding energies for
Bcl-2 proteins showed significant correlations with the electro-
philicity index (Fig. 9a, R* = 0.716) and electron affinity (R* =
0.713), while the binding energies for Bcl-xl correlated well
with the electrophilicity index (Fig. 9b, R*> = 0.847), electro-
donating power (R> = 0.815), and electron affinity (R* = 0.768).
These findings highlight the critical role of the electron-accept-
ing capacity of ligands in their binding interactions, as well as
the importance of electrostatic interactions within the binding
pocket, in the inhibition of these proteins.

At the local level, our chemical reactivity analysis, combined
with the results from our BCPs study, underscores the critical
role of the a-dicarbonyl oxygen in cinnamyls at the quantum
mechanical level, indicating that new cinnamyls with
enhanced inhibitory properties can be systematically designed
following the overall regional properties found for this moiety.
While definitive relationships between local descriptors and
inhibitory efficacy indices (BEs or ICs,) for the quinoxalines
cannot be established based on the data gathered in this
study, it is evident that the two functional groups (branches)
attached to the quinoxaline framework—particularly the elec-
tronic properties of their terminal moieties—play a critical role
in determining their inhibitory properties. The amide group
present in M5 suggests that a strong electron-donating moiety
is essential for effective inhibition. However, the small furan-
containing chains in M6, along with the unexpected trends
observed for this compound, indicate that the length, size,
and structural features of these terminal groups also signifi-
cantly influence their efficacy as inhibitors of the anti-apopto-
tic proteins under investigation. As previously noted, the
binding pockets of these proteins are highly flexible, accom-
modating ligands of varying sizes. Unlike M5, the M6 and M7
compounds lack a benzene ring in their side chains. This
structural difference may contribute to the superior efficacy of
M5, as the benzene moiety not only provides an additional site
for weak n-bonding interactions but also enhances the electro-
philicity of the adjacent terminal functional group.

The key molecular moieties responsible for the inhibitory
properties of these candidates—such as the o-dicarbonyl
group in cinnamyls and the terminal-branch moieties in qui-
noxalines—can be effectively identified using the Fukui func-
tion, together with the dual descriptor (DD) plots. While the
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condensed-to-atom representation of neither the Fukui func-
tion nor the DD exhibited a direct correlation with the inhibi-
tory efficacy indices of the derivatives studied, their visual rep-
resentation provides valuable insights into the molecular
regions governing inhibitory activity. The donation and accep-
tance, or back-bonding processes, are critical to the formation
of protein-inhibitor complexes, making the left (f7) and right
(f) Fukui functions particularly useful for analysis. In Fig. 10,
we present these profiles for the M3 and M5 derivatives. For
M3, the f* function indicates that the a-dicarbonyl C-C bond is
the primary site for charge acceptance, followed by the carbon
atoms linked to the furan rings. Conversely, the f~ function
reveals that the main donation sites are located at the oxygen
atoms of the a-dicarbonyl group. This suggests that the most
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Fig. 10 Electrophilic (left) and nucleophilic (middle) Fukui functions, and the DD (right) for M3 and M5, with an isovalue of 0.05.

reactive site for both acceptance/donation of charge is concen-
trated in the core chain of M3, which may be hindering the
optimal formation of weak interactions with the protein. This
information is clearly captured by the DD, which highlights
the central chain as the molecular moiety responsible for
amphiphilic reactivity. This localization of reactivity may
explain the lower inhibitory efficacy of M3, as the central
chain’s dominance in both donation and acceptance processes
could limit its ability to form diverse and stable interactions
with the enzyme. In contrast, M5, the most reactive com-
pound, exhibits well-separated and distinct sites for charge
acceptance and donation. The quinoxaline moiety, particularly
the pyrazine fragment, is identified as the primary site for
charge acceptance, while the amide oxygens act as the main
sites for charge donation. This spatial separation of reactive
sites, captured clearly by the DD, likely contributes to M5’s
high dipole moment and its superior inhibitory performance.

Table 5 Predicted ADME properties of compounds M1-M7

The DD plot of this derivative effectively highlights the mole-
cular regions prone to interact with the proteins, emphasizing
the importance of the quinoxaline core for charge acceptance
and the amide group for charge donation.

3.8 In silico prediction of potential ADME

The computed ADME properties are summarized in Table 5.
Overall, all compounds satisfy Lipinski’s rule-of-five criteria,®
with the exception of M6, which exhibits a log P value slightly
above 5, potentially indicating limitations related to aqueous
solubility or an increased tendency for accumulation in adipose
tissue. Analysis of hydrogen-bond donor and acceptor counts
reveals that the compounds possess few proton-donating groups,
a feature that is generally favorable for passive membrane per-
meability. In this context, M1, M3, and M4 exhibit solubility pro-
files consistent with rapid gastrointestinal absorption.

Compounds

ADME properties® M1 M2 M3 M4 M5 M6 M7
MW<500 262.3 298.28 242.23 274.36 448.52 346.47 314.34
#HA<10 2 4 4 2 4 2 4
#HD<5 0 0 0 0 2 0 0
Log P 3.5 4.13 2.04 3.36 4.18 5.12 3.8
Log S —-3.95 —4.26 —2.66 —3.63 —5.2 —5.65 —4.67
ESOL Class Soluble Moderately Soluble Soluble Moderately Moderately Moderately

soluble soluble soluble soluble
TPSA 34.14 34.14 60.42 90.62 83.98 82.26 52.06
BBB permeant Yes Yes Yes No No No Yes
CYP1A2 inhibitor Yes Yes Yes Yes No Yes Yes
CYP2C19 inhibitor Yes Yes Yes Yes Yes Yes Yes
CYP2C9 inhibitor No No Yes Yes Yes Yes Yes
CYP2D6 inhibitor No No No No No No No
CYP3A4 inhibitor No Yes No No Yes Yes Yes

MW: molecular weight, log P: lipophilicity, logS: solubility, HD: number of hydrogen donors, HA: number of hydrogen acceptors, TPSA:
topological polar surface area, BBB permeant: permeability of the blood-brain barrier. “ Parameter calculated using SwisSADME®® (https://www.

swissadme.ch/).
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From a safety perspective, central nervous system (CNS)
exposure is undesirable in the context of Bcl-xl inhibition, as
neuronal apoptosis may lead to neurotoxicity. Notably, M4 and
M5 emerge as particularly promising candidates, as their high
topological polar surface area (TPSA) values (90.62 and
83.98 A, respectively) are associated with negligible blood-
brain barrier permeability.

Regarding metabolic liability, most derivatives are predicted
to inhibit the CYP2C19 and CYP2C9 isoforms, whereas none
show inhibitory activity toward CYP2D6. Importantly, M3 and
M4 do not inhibit CYP3A4, the principal cytochrome P450
enzyme involved in the metabolism of many chemotherapeutic
agents, suggesting a reduced risk of clinically relevant drug-
drug interactions. Although M5 displays a more complex meta-
bolic profile, including predicted CYP3A4 inhibition, its dis-
tinctive structural features—particularly the presence of two
hydrogen-bond donor sites associated with amide N-H groups
—may contribute to its enhanced binding affinity toward the
therapeutic target relative to the other derivatives in the series.

4. Conclusions

Our molecular docking and molecular dynamics analyses
confirm that both families of compounds can inhibit the anti-
apoptotic proteins Bcl-2 and Bcl-xl; however, quinoxaline
derivatives exhibit superior activity compared to their cinnamyl
counterparts. This difference arises from distinct structural,
electronic, and reactivity properties.

Structurally, cinnamyls require a folded conformation to
maximize intramolecular interactions, whereas quinoxalines
are inherently positioned to directly engage key residues,
enhancing their binding affinity. Notably, M3 demonstrated
poor stability in MD simulations, likely due to insufficient
intermolecular interactions with Bel-xl.

From a reactivity perspective, two primary factors govern
complex stability in the binding pocket: electrostatic inter-
actions—given the binding site’s polarity—and a donation/
acceptance mechanism, where electron-accepting ligands are
preferred. It must be highlighted that a solvation continuum
model incorporating a polar medium, mimicking the polar
environment of the binding pocket, improved the description
of these interactions through our reactivity descriptors.

However, ICs, values suggest that excessive polarity may
hinder cell membrane permeability, limiting in vitro potency.
Strikingly, the local chemical potential at the a-dicarbonyl
oxygens of cinnamyls accurately reproduced their in vitro
potency trend, highlighting the crucial role of this moiety.
This relationship positions local chemical potential as a prom-
ising predictive tool for designing more potent cinnamyl
derivatives.

Overall, our study offers a comprehensive framework for
optimizing protein-ligand stability. While quinoxalines exhibi-
ted superior activity in silico, cinnamyls may outperform
in vitro if their polarity and electrophilic/nucleophilic balance
are fine-tuned. Additionally, designing quinoxaline derivatives

This journal is © The Royal Society of Chemistry 2026
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with soft electron-rich functional groups on the side-alkyl
chains could lead to even more effective inhibitors.
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