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Abstract 

 
Background and purpose: Lapatinib (FMM) and 5-fluorouracil (5-FU) are anticancer drugs employed in a 
combination approach. FMM inhibits tyrosine phosphorylation of ErbB4 while 5-FU inhibits cell 
proliferation. This research aimed to investigate the potential of two compounds, namely (1E,4E)-1,5-bis (4-
hydroxyphenyl) penta-1,4-dien-3-one (AC01) and (1E,4E)-1,5-bis (3,4-dihydroxy phenyl) penta-1,4-dien-3-
one (AC02), both as individual inhibitors and combination partners with FMM, targeting ErbB4 inhibition. 
AC01 and AC02 were combined with FMM, which targets ErbB4. The combination of 5-FU with FMM 
served as a reference in this study. 
Experimental approach: The research utilized computational simulation methods such as single and 
multiple ligands simultaneously docking and dynamics. Data analysis was performed using AutoDockTools 
and gmx_MMPBSA. 
Findings/Results: Single docking results indicated that 5-FU exhibited the lowest binding affinity, while 
FMM demonstrated the highest. Simultaneous docking of AC01 and AC02 paired with FMM revealed their 
binding positions overlapping with the FMM-5-FU workspace. The FMM-AC01 and FMM-AC02 
complexes exhibited slightly weaker binding affinities compared to FMM-5-FU. In combination with FMM, 
AC01 and AC02 occupied the ErbB4 activation loop, whereas 5-FU was outside the activation loop. 
Furthermore, in their interaction with ErbB4, AC02 exhibited slightly stronger binding than AC01, as 
confirmed by the average binding free energy calculations from molecular dynamics simulations. 
Conclusion and implications: In conclusion, computational simulations indicated that both AC01 and AC02 
have the potential to act as anticancer candidates, demonstrating ErbB4 inhibitory potential both as 
individual agents and in synergy with FMM. 
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INTRODUCTION 

 
Cancer remains a paramount global health 

concern, with staggering numbers of new 
cases reported each year. In 2020 alone, there 
were 18.1 million new cancer cases 
worldwide, highlighting the urgent need for 
effective solutions (1). Among the most 
prevalent cancer types, breast cancer in 
women as well as lung, colorectal, and 
prostate cancer are at the forefront. Of these, 

breast cancer is well outstanding, with 
approximately 2.3 million women diagnosed 
in 2020, and it has accounted for nearly a 
quarter of all cancer cases and 15.5% of 
cancer-related deaths in women, making it the 
leading cause of both incidence and mortality 
(2-4). 
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ErbB4, also known as human epidermal 
growth factor receptor 4 (HER4), is a crucial 
player within the epidermal growth factor 
receptor (EGFR) family, particularly in breast 
cancer. The activation of ErbB4 significantly 
impacts the development, proliferation, and 
differentiation of breast cancer cells. This 
receptor is a part of the EGFR family, which 
also encompasses EGFR (ErbB1/HER1), ErbB2 
(HER2/Neu), and ErbB3 (HER3) in humans (5). 
The normal function of ErbB receptors is 
integral to animal development, and the 
aberrant expression and activation of the 
receptors have been linked to various human 
cancers. Notably, the loss of ErbB4 function in 
mice results in defects in the heart, nervous 
system, and mammary glands (5-6). The ErbB 
family exerts its biological effects through the 
ligand-dependent activation of tyrosine kinase 
activity. ErbB receptors consist of an 
extracellular ligand-binding region, a 
transmembrane segment, a cytoplasmic kinase 
domain, and a tail with phosphorylated 
tyrosine residues upon activation, facilitating 
interactions with downstream effectors. 
Ligand binding in the extracellular region 
triggers the formation of ErbB homodimers 
and specific heterodimers, leading to 
cytoplasmic kinase activation and initiating 
intracellular signaling cascades (7,8). 

In treating ErbB4-dependent breast tumors, 
targeting ERBB2 expression or tyrosine kinase 
activity has proven effective, even in cases 
resistant to other therapies. A range of ErbB4 
kinase inhibitors exists such as lapatinib 
(FMM), afatinib, neratinib, and ibrutinib. 
FMM as one of the ErbB4 kinase inhibitors 
prevents ErbB4 kinase similarly to its 
interaction with EGFR, impeding ErbB4 
phosphorylation and downstream signaling 
pathways. By inhibiting ErbB4 signaling, 
FMM has shown the ability to induce 
apoptosis in FMM-resistant breast cancer cells, 
highlighting its therapeutic potential (9). 
However, the intricate interplay among the ErbB 
family members and their overlapping functions 
poses challenges. Ligands that interact with 
ErbB4 may also bind to EGFR or ErbB3, and 
ErbB4 ligand binding can result in either ErbB4 
homodimerization or heterodimerization with 
other ErbB family members (10). Consequently, 
finding novel compounds targeting specifically 
ErbB4 remains a formidable challenge in 
developing new anticancer drugs. 

Accordingly, this study delved into the 
potential of two curcumin analogs, (1E,4E)-
1,5-bis (4-hydroxyphenyl) penta-1,4-dien-3-
one (AC01) and (1E,4E)-1,5-bis (3,4-
dihydroxy phenyl) penta-1,4-dien-3-one 
(AC02), as promising candidates for ErbB4 
inhibition in cancer therapy. We employed a 
computational approach known as multiple 
ligand simultaneous docking (MLSD) to 
investigate the effectiveness of curcumin 
analogs. This technique allows the study of the 
concurrent interaction of several ligands with a 
binding site of the macromolecule, mirroring 
the complex biochemical processes involved 
in combination dosing, a common practice in 
cancer therapy (11,12). By comparing binding 
orientations and assessing binding energies, 
MLSD provided valuable insights into the 
influence of inhibitors on ligand binding to the 
ErbB4 protein. The stability of the docking 
interactions was further scrutinized through 
multiple ligand molecular dynamics to clarify 
the potential of these compounds and 
revolutionize anticancer drug development. 
 

MATERIALS AND METHODS 
 

Data preparation 
The data collection process for this study 

included retrieving the molecular structures of 
FMM, AC01, AC02, and 5-fluorouracil (5-FU) 
(Fig. 1) from the National Library of Medicine 
(https://pubchem.ncbi.nlm.nih.gov). The 
molecular structures of the ligands were 
obtained in 2D format, necessitating geometric 
optimization performed using Open Babel 
3.1.1. Energy minimization was conducted 
using the chemical force field, with 1000 
geometry optimization steps (13). The 3D 
structures of the ErbB4 protein were generated 
using the homology modelling technique, 
employing the Swiss-Model tool, accessible at 
https://swissmodel.expasy.org (14). The 
homology modelling template utilized was a 
protein with UniProt ID P04626, belonging to 
the ErbB2 receptor tyrosine kinase group, with 
FMM as a reference ligand. Among the 
numerous models obtained, the model selected 
had the same reference ligand. The 5th model 
was chosen due to the highest Global Model 
Quality Estimate score of 0.74, among all 
models with the FMM ligand. The selected 
model corresponded to the receptor tyrosine-
protein kinase ErbB4.  
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Fig. 1. The chemical structures of (A) 5-FU; (B) AC01; (C) AC02; (D) FMM. 5-FU, 5-Fluorouracil; AC01, (1E,4E)-
1,5-bis (4-hydroxyphenyl) penta-1,4-dien-3-one; AC02, (1E,4E)-1,5-bis (3,4-dihydroxyphenyl) penta-1,4-dien-3-one; 
FMM, lapatinib.  

 
Docking preparation and validation 

Ligand preparation was carried out using 
Open Babel and AutoDockTools (15). The 
preparation of the protein target, including the 
addition of hydrogen atoms and partial charges, 
was performed using Discovery Studio 2022 
Client version. Identification of the binding site 
or active site on the ErbB4 protein where the 
native ligand binds was also accomplished using 
Discovery Studio Visualizer software. 

Redocking of the reference ligand, single 
docking of AC01, AC02, and 5-FU, and 
simultaneous docking of the combination of 
the 3 ligands with FMM were performed under 
similar parameters, using a grid box of sizes 
40, 40, and 40 Å, with the center of the reference 
ligand as the center point of the grid box. 

Redocking of the reference ligand was 
performed to validate the binding site of 
ErbB4. FMM was used as the reference ligand 
for the ErbB4 protein model used in this study. 
Redocking aimed to verify whether a ligand 
could be redocked into the active site of a 
target molecule with the appropriate position 
and orientation (16). Through redocking, we 
could assess how well the docking simulation 
replicated the correct position and orientation of 
a known ligand within the co-crystallized 
complex with the target molecule. One of the 
techniques used for validation was the 
comparison of binding poses, where the 
predicted binding poses of the redocked ligand 
were compared to the experimentally determined 
binding pose in the crystal structure. The 
alignment and similarity between the redocked 
pose and the crystallographic pose were then 
evaluated. 
 
Single ligand docking 

Automated docking was employed to study 
the binding of various drug molecules to the 

active site of ErbB4. AutoDock Vina version 
1.2.3 utilized a semi-empirical free energy 
force field as an evaluation function to assess 
docked conformation solutions. Evaluation 
functions included pairwise evaluation and 
entropy changes during binding. The genetic 
algorithm method implemented in AutoDock 
Vina (17), was used to explore suitable 
binding modes of ligands in different 
conformations. Individual docking was 
performed for the natural ligand of the protein 
of B-cell lymphoma 2, ligands AC01, AC02, 
5-FU, and FMM. The binding affinity and 
binding pose analysis to elucidate interactions 
between the protein and ligands, including 
hydrogen bonds, hydrophobic interactions, and 
π-π stacking were conducted using Discovery 
Studio Visualizer 2022. 
 
Docking with multiple ligand simultaneous 
docking 

We conducted simultaneous binding studies 
to compare the binding orientations of 
individual ligands and ligand pairs. Docking 
with multiple ligand simultaneous docking 
(MLSD) was also performed using AutoDock 
Vina. MLSD was used for the ligands FMM-
AC01, FMM-AC02, and FMM-5-FU pairs. 
The MLSD output was then analyzed for 
affinity and binding pose. 
 
Multiple ligand simultaneous molecular 
dynamics 

Molecular dynamics (MD) simulations are 
a critical tool in computational chemistry that 
allows us to model the movement of atoms 
within molecules and understand how they 
interact over time. This study utilized MD 
simulation methods to understand the 
interaction between compounds AC01 and 



Synergistic potential of AC01 and AC02 with FMM for ErbB4 inhibition  

757 

AC02 with the ErbB4 protein. MD simulations 
were also conducted using the simultaneous 
approach, where a complex of dual ligands 
with ErbB4 was simulated to study stability 
over  100 ns. The binding free energy                 
during MD simulations was calculated using                           
the Molecular Mechanics/Poisson-Boltzmann 
Surface Area (MM-PBSA) approach. MD 
simulations were performed using the 
GROMACS 2023.2 software package (18,19), 
and energy decomposition was conducted by 
means of the gmx_MMPBSA version 1.6.2 (20). 

The best model based on the docking results 
of ligands with the ErbB4 protein was                  
chosen as the starting point for MD simulations. 
The AMBER99SB-ILDN force field (21)                   
was selected to create the protein topology, and 
the topology of the ligands was generated using 
the Amber force field with the assistance of the 
ACPYPE version 2022.7.21 package (22). 
Placement of the protein-ligand complex system 
in a water box employed the transferable 
intermolecular potential with 3 points water 
model, with a minimum distance of 
approximately 10 Å between the protein and the 
box edges. System neutralization was achieved 
by adding Cl- ions to the system box using the 
Monte-Carlo ion placement method. System 
equilibration was conducted in 2 stages namely 
the NVT ensemble (defined as the number of 
particles, volume, and temperature), followed by 
the NPT ensemble (defined as the number of 
particles, pressure, and temperature). The 
production phase lasted for 100 ns.  

The results of multiple ligand simultaneous 
MD simulations were then examined through 
various parameters, including root mean 
square deviation (RMSD), root mean square 
fluctuation (RMSF), radius of gyration (RG), 
solvent accessible surface area (SASA), free 
energy binding, and energy decomposition 
(23). RMSD is the measurement of the 
deviation between the positions of atoms in a 
protein or ligand structure at different time 
points during the simulation. It was used to 
assess the system stability and to compare the 
structures obtained from various simulations. 
RMSF is a measure of the deviation of the 
position of each atom in a protein or ligand 
structure from its average position during the 
simulation. It was used to assess the flexibility 
of system and to identify regions that were 
more flexible or rigid.  

The RG is a measure of the compactness of 
a protein or ligand structure. It was calculated 
as the root mean square distance of each atom 
in the structure from the center of mass. SASA 
is a measure of the surface area of a protein or 
ligand structure that is accessible to solvent 
molecules. It was used to assess the exposure 
of different regions of the structure to the 
solvent. Free energy binding is a measure of 
the strength of the interaction between a ligand 
and a protein. It was calculated using methods 
such as MM-PBSA (24). Additionally, energy 
decomposition was calculated by gmx-MM-
PBSA (20) which is a method to calculate the 
energy contribution of individual residues or 
groups of residues in a molecular system. Per-
residue decomposition analysis is a type of 
energy decomposition that calculates the energy 
contribution of single residues by summing its 
interactions over all residues in the system. 
 

RESULTS 
 
Dual ligand molecular docking 

Redocking is a common procedure used to 
validate docking results by removing the 
ligand from the complex, repeating the 
docking process, and comparing the generated 
pose with the crystal structure. There are 
several approaches to assess the success of 
redocking, such as defining the ratio of 
samples where the RMSD of the top-ranked 
pose is less than 2 Å. The smaller the average 
RMSD value of the top-ranked poses, the 
better the performance of the scoring function 
or model. Another approach is the comparison 
of binding poses, where the predicted binding 
pose of the redocked ligand is compared to the 
experimentally determined binding pose in the 
crystal structure. The alignment and similarity 
between the redocked pose and the 
crystallographic pose are then evaluated. 

Visualization of the results of redocking the 
reference ligand (FMM) to the active site of 
ErbB4 is shown in Fig. 2A. Based on                   
RMSD calculations, the change in the position 
of the reference ligand between the redocked 
pose and the crystallographic pose was within 
1.351 Å. This indicated that the docking 
procedure used was valid, and the docking 
parameters could be used as a reference for 
docking test ligands, and the results obtained 
could be trusted.  
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 Conventional hydrogen bond Pi-Pi stacked 

 Unfavorable acceptor-acceptor Alkyl 

 Pi-donor hydrogen bond Pi-alkyl 

 
Pi-sigma Halogen (Fluorine) 

 
Fig. 2. (A) Overlay of the FMM structure in the redocked pose (red carbon) and the crystallographic pose (blue carbon); 
(B) overlay of FMM, 5-FU, AC01, and AC02 within the ErbB4 cavity; visualization of the residual interactions of 
ErbB4 with (C) 5-FU; (D) FMM; (E) AC01; and (F) AC02. 5-FU, 5-Fluorouracil; AC01, (1E,4E)-1,5-bis (4-
hydroxyphenyl) penta-1,4-dien-3-one; AC02, (1E,4E)-1,5-bis (3,4-dihydroxyphenyl) penta-1,4-dien-3-one; FMM, 
lapatinib.  
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Table 1 summarized the molecular docking 
results for both single ligands and multi-ligands. 
A lower binding affinity value indicated a 
stronger interaction between the ligand and its 
target. Three-dimensional visualization (Fig. 2B) 
showed that individual docking results for 
AC01, AC02, and 5-FU could occupy the 
binding cavity of ErbB4, similar to the position 
of FMM. AC01 and AC02 could occupy the 
active site of ErbB4 in a manner resembling the 
position of FMM, while 5-FU, due to its 
molecular size, only occupied a part of FMM, 
specifically in the quinoline ring binding to the 
fluorine element. 5-FU was able to form 3 
hydrogen bonds with active site residues of 
ErbB4, namely 2 bonds with Thr790 and 1 
with Asp855 (Fig. 2C). A similar pattern was 
observed with FMM (Fig. 2D), which could 
interact with both of these residues, albeit in 
different forms of interactions, van der Waals 
interaction with Thr-790, while ASP855 
formed an interaction with the fluorine 
halogen. Overall, both ligands targeting the 
same active site exhibited various interactions, 
but the molecular size of 5-FU resulted in 
lower affinity (-5.188 Kcal/mol) compared to 
FMM (-9.926 Kcal/mol). 5-FU did not reach 
the larger portion of the other active site of 
ErbB2, making it unable to induce enzymatic 
activity from ErbB4. In contrast, AC01 and 
AC02 showed different behaviour. Both 
ligands occupied the active site of ErbB4 
similar to FMM. The clear overlap observed 

similar to FMM. The clear overlap observed 
among all 4 ligands in Fig. 2B highlighted 
their structural similarity and suggested 
consistent binding conformations within the 
active site. Moreover, the residual description 
of ErbB4 in interaction with AC01 and AC02 
was shown in Fig. 2E and Fig. 2F, 
respectively. 

Table 1 summarizes the binding affinities 
of simultaneous docking of ErbB4 with 3 
ligand pairs. The FMM-5-FU pair exhibited 
the strongest affinity at -13.893 Kcal/mol. The 
FMM-AC01 and FMM-AC02 pairs were 
slightly weaker at -12.880 and -12.637 
Kcal/mol, respectively. 

Interesting phenomena were shown in 
simultaneous docking (Fig. 3A-3G). The 
presence of 2 ligands simultaneously on ErbB4 
disrupted the binding orientation of one of the 
ligands to the active site. The FMM-5-FU pair 
showed that FMM could occupy the ErbB4 
activation loop, while 5-FU was located far 
from the active site (Fig. 3A and 3B). The 
AC01-FMM and AC02-FMM pairs 
demonstrated that AC01 and AC02 occupied 
the activation loop, while FMM in both pairs 
was located outside the activation loop                   
(Fig. 3C-3G). This indicated the ability of 
AC01 and AC02 to synergize with FMM, 
allowing them to act as agonists or antagonists 
of FMM targeting ErbB4, which of course, 
requires experimental validation. 

Table 1. Single and dual ligand molecular docking binding affinity. 
Ligand Binding affinity (Kcal/mol) Single or dual ligand molecular docking 
5-FU -5.188 Single 
AC01 -8.521 Single  
AC02 -8.392 Single 
FMM-5-FU -13.893 Dual 
FMM-AC01 -12.880 Dual 
FMM-AC02 -12.637 Dual 
FMM -9.926 Single 
5-FU, 5-Fluorouracil; AC01, (1E,4E)-1,5-bis (4-hydroxyphenyl) penta-1,4-dien-3-one; AC02, (1E,4E)-1,5-bis (3,4-dihydroxyphenyl) penta-1,4-dien-
3-one; FMM, lapatinib. 
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 Conventional hydrogen bond Pi-Pi stacked 

 Unfavorable acceptor-acceptor Alkyl 

 Pi-donor hydrogen bond Pi-alkyl 

 
Pi-sigma Halogen (Fluorine) 

 
Fig. 3. (A) Overlap dual ligand simultaneous docking of FMM-5-FU (blue carbon) pair, FMM-AC01 (red), and FMM-
AC02 (yellow); (B) and (C) ErbB4 residue interactions with the FMM-5-FU pair; (D) and (E) with the FMM-AC01 
pair; (F) and (G) with the FMM-AC02 pair. 5-FU, 5-Fluorouracil; AC01, (1E,4E)-1,5-bis (4-hydroxyphenyl) penta-1,4-
dien-3-one; AC02, (1E,4E)-1,5-bis (3,4-dihydroxyphenyl) penta-1,4-dien-3-one; FMM, lapatinib. 
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Dual ligand simultaneous MD 
RMSD analysis 

The movement of ErbB4 protein molecules 
and ligands during the simulation was illustrated 
in Fig. 4A-4C. The 3 complexes (protein-FMM-
AC01, protein-FMM-AC02, and protein-FMM-
5-FU) during the 100 ns simulation exhibited 
low RMSD values. This indicated that the 
interaction between ErbB4 and the ligand pairs 
FMM-AC01, FMM-AC02, and FMM-5-FU 
formed stable complexes. The presence of both 
ligands did not impact the stability of ligand 
binding on the active site of ErbB4. RMSD 
values less than 0.5 Å suggested that each 
complex tended to maintain its binding 
conformation throughout the simulation. 
 
RMSF analysis 

Fluctuations of atomic and amino acid 
residues comprising the ErbB4 protein in its 
interaction with the ligand pairs FMM-AC01, 
FMM-AC02, and FMM-5-FU were observed 
through RMSF measurements of the protein. 
The summarized results of the RMSF 
measurements in Fig. 4D indicated the 
fluctuations in protein residues within the range 
of amino acids 850 to 975. These residues 
corresponded to the ErbB4 activation loop. 
Other residues were displayed in the outer area 
of the activation loop, specifically amino acid 
sequences 725 to 775, but with lower 
movement values. This suggested that the 3 
ligand pairs tended to form interactions                  
with the activation loop of ErbB4. In other 
words, residues 850 to 975 and 725 to 775 
depicted the parts of ErbB4 that exhibited 
flexibility due to their interactions with the 
ligands. 
 
SASA analysis 

There was no change in the surface area of 
the ErbB4 biomolecule during its interaction 
with ligand pairs. The results of SASA 
calculations for ErbB4 in complex with the 
ligand pairs FMM-AC01, FMM-AC02, and 
FMM-5-FU during a 100 ns MD simulation 
showed no substantial alteration in the surface 
area of protein. The surface area remained 
constant from the beginning to the end of the 
simulation. Figure 4E, summarizing the 

measurement of the surface area of protein 
during the simulation, indicated that the 
protein-ligand binding was relatively stable, 
and there was no change in the molecular 
conformation of the protein. This suggested 
the stability of the molecular structure of 
ErbB4 and the robustness of the protein-ligand 
interactions. 
 
RG analysis 

Similar to the SASA parameter, the RG 
values for the system in the ErbB4 complex 
with 3 ligand pairs (FMM-AC01, FMM-
AC02, and FMM-5-FU), as depicted in Fig. 
4F, showed minor changes compared to the 
initial state during simulations. This condition 
provided insight that the shape and dynamics 
of the molecules constituting the system 
underwent minimal movements that could 
induce conformational changes, alterations in 
binding modes with ligands, or structural 
damage to the protein or ligand pairs. 
 
Binding free energy 

The free energy binding calculations for the 
ErbB4 complex with 3 ligand pairs were 
conducted using the MM-PBSA approach.                
The average of Gibbs free energy (ΔG) 
calculations for the ErbB4 complex with the 
FMM-AC01, FMM-AC02, and FMM-5-FU 
pairs was depicted in Fig. 4G. FMM-5-FU                   
(-48.38 Kcal/mol) exhibited a more negative 
binding free energy, indicating a stronger 
binding affinity compared to FMM-AC01 and 
FMM-AC02. The ErbB4 complex with the 
FMM-AC02 pair (-44.36 Kcal/mol) 
demonstrated a stronger binding than                   
FMM-AC01 (-31.91 Kcal/mol).  
 
Energy decomposition 

The binding free energy formed in a 
protein-ligand complex was the contribution of 
interactions of each residue in the protein that 
was within a sufficient range to form 
interactions. Energy decomposition analysis 
during MD simulations of the ErbB4 complex 
with the ligand pairs FMM-AC01, FMM-
AC02, and FMM-5-FU was performed for 
residues within up to 6 Å.   
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Fig. 4. Molecular dynamics simulation. (A-C) RMSD in AC01, AC02, and 5-FU, respectively; (D) RMSF; (E) SASA; 
(F) RG; (G) binding free energy; (H) residual decomposition energy. 5-FU, 5-Fluorouracil; AC01, (1E,4E)-1,5-bis (4-
hydroxyphenyl) penta-1,4-dien-3-one; AC02, (1E,4E)-1,5-bis (3,4-dihydroxyphenyl) penta-1,4-dien-3-one; FMM, 
lapatinib; RMSD, root mean square deviation; RMSF, root mean square fluctuation; RG, radius of gyration; SASA, 
solvent accessible surface area; ΔG, Gibbs free energy. 
 

The results are summarized in Fig. 4H. It 
could be observed that the FMM-AC01 ligand 
pair had strong interactions with Val726                      
(-2.567 Kcal/mol) and Thr790 (-1.037 
Kcal/mol). Both amino acids were residues 
outside the activation loop of ErbB2. In 
contrast, interactions with active site residues 
of ErbB2 such as Leu858, Leu844, and Thr854 
only provided binding energies below 0.3 
Kcal/mol. On the other hand, the activation 
loop residues of ErbB4, Asp837 (+2.479 
Kcal/mol), and Asp855 (+5.563 Kcal/mol) 
showed repulsive interactions. Furthermore, 
non-active site interactions, such as Lys745 
(+3.365 Kcal/mol), also contributed to the 
positive energy of the complex.  
 

DISCUSSION 
 

In a single-ligand docking experiment, it 
was observed that 5-FU exhibited the lowest 
binding affinity, while FMM showed the 
highest binding affinity. The visual inspection 
of the docking results indicated that AC01, 

AC02, and 5-FU could occupy the ErbB4 
activation loop, similar to FMM. In 
simultaneous dual-ligand docking, the FMM-
5-FU pair displayed the strongest affinity. This 
combination maintained FMM within the 
activation loop while positioning 5-FU outside 
the loop. The FMM-AC01 and FMM-AC02 
pairs exhibited slightly weaker binding 
affinities compared to FMM-5-FU. However, 
both AC01 and AC02 could occupy the ErbB4 
activation loop, while FMM in combination 
with both ligands remained outside the loop. 

Most activation loops in ErbB4 bound by 
FMM encompass residues 844 to 857 (25). 
Consequently, AC01 and AC02 displayed 
potential interactions with the ErbB4 activation 
loop, as illustrated in Fig. 2E and 2F. Both 
curcumin analogs were capable of forming 
hydrogen bonds with Phe856. However, AC02 
formed conventional hydrogen bonds with 
Asp855, and AC01 only created hydrogen bond 
donor interactions with this residue. Overall, 
AC01 and AC02 exhibited similar interactions 
with the activation loop residues of ErbB4. 
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Furthermore, the FMM-AC02 pair showed 
dominance in non-activation loop residues, 
contributing to binding energy. Only one 
activation loop residue, Leu844, contributed -
0.984 Kcal/mol (with the highest being -1.416 
Kcal/mol). Several activation loop residues 
also formed interactions with the ligands but in 
smaller quantities and magnitudes than non-
activation loop residues. Similar to the FMM-
AC01 pair, the activation loop residue Asp855 
also exhibited positive interaction energy, 
which was 2.086 Kcal/mol. 

Although single-ligand docking indicated 
that FMM had a stronger binding affinity than 
AC01 or AC02, MD results confirmed that the 
average free binding energy of AC01 was 
higher than that of FMM. Furthermore, AC01 
and AC02 combined with FMM showed 
promising stability based on MD results. This 
study provided the best opportunities for AC01 
and AC02 to be further investigated as potential 
anticancer candidates through ErbB4 inhibition. 
 

CONCLUSION 
 

The docking experiments revealed that 5-
FU had the lowest binding affinity, while 
FMM exhibited the highest binding affinity for 
ErbB4. Visually, the docking results 
demonstrated that AC01, AC02, and 5-FU 
could effectively occupy the ErbB4 activation 
loop. AC02 showed marginally more robust 
interactions with the ErbB4 activation loop 
than AC01. MD simulations employing the 
MM-PBSA approach revealed that AC01 
exhibited a higher average binding free energy 
than AC02. Furthermore, in simulations, AC01 
and AC02 exhibited encouraging stability when 
combined with FMM. The observations indicate 
that AC01 and AC02 have the potential to act as 
anticancer candidates, demonstrating both only 
and synergetic inhibition of ErbB4 when 
combined with FMM. 
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