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Abstract

Breast cancer is a prevalent disease that primarily affects women, with significant implications for public health. Early detection improves survival
rates, and technological advancements can enhance early diagnosis. Protein structure prediction methods can provide valuable insights into the
structure of proteins involved in breast cancer, including human epidermal growth factor receptor-2 (HER2). HER2 is a known protein receptor that
plays a critical role in breast cancer development and is a target for therapy. Predicting the binding affinity between HER2 and potential ligands can
help identify novel treatment options. This study aimed to predict the structure of HER2 using I-TASSER and determine potential ligands using
empirical graph neural network-based scoring functions. Molecular docking simulations were performed to evaluate the binding conformation and
stability of the HER2-ligand complexes. The results showed the potential ligands identified by I-TASSER: AEE, UUU, and Mg2+. Afterward, their
binding affinity with HER2 was assessed, yielding AEE as the best binding with the lowest vina score.
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Introduction

The background and importance of breast cancer

Breast cancer is a disease primarily affecting the
breast tissue and is characterized by the rapid and
uncontrolled growth of cells (CDC, 2022). Its historical
roots trace back to ancient Egypt, where it was first
documented by George Ebers and Edwin Smith,
signifying the long-standing significance of this ailment
(Mandal, 2019) . Today, researchers categorize breast
cancer into invasive and non-invasive types, each further
divided based on their relation to the membrane. The
non-invasive forms include DCIS and LCIS, while
invasive breast cancer comprises ILC and IDC (Akram et
al., 2017) . Another subset of breast cancer is what is
known as HER2-positive. These types of cancer have a
receptor protein called human epidermal growth factor
receptor 2 (HER2) on their surface. Usually, this receptor
helps in the control of cell growth. However, cancer cells
that overexpress the receptor tend to proliferate quickly
and are more likely to metastasize or spread to other
body parts (National Cancer Institute, 2011).

According to the World Health Organization, breast
cancer affected 7.8 million women in 2020, making it the
most prevalent cancer and the second leading cause of
cancer-related deaths among women. Therefore, raising
awareness about breast cancer is paramount, as early
detection significantly improves the chances of
successful treatment and cure. While breast cancer
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mortality rates have declined, the testimonies of many
women who have battled this disease underscore the
critical significance of early detection. Several research
studies have focused on early diagnosis, such as the one
by Paramkusham et al. (2013) on using innovative image
processing techniques on mammograms. Another recent
approach by Brown et al. (2017) utilizes a phylogenetic
tree analysis to monitor disease progression, further
emphasizing the relevance of early diagnosis. The urgent
need for improving early detection technologies makes
breast cancer an essential topic for exploration, as it can
significantly increase the likelihood of cancer remission
for those affected.

Human epidermal growth factor receptor-2 (HER2)
as a cancer inducer

HER2 is a transmembrane receptor from the
epidermal growth factor receptor (EGFR) family that
performs essential tyrosine kinase activity to regulate the
growth, proliferation, differentiation, and survival of
epithelial cells (Albagoush & Limaiem, 2023) .
Overexpression of HER2 results in constitutive
activation of the HER2 downstream signaling pathway,
which results in worse biological behavior and clinical
aggressiveness in breast cancer. Around 20-30% of
human breast cancers and some ovarian and gastric
cancers show amplification of HER2 (Igbal & Iqgbal,
2014) . HER2-amplified breast cancers have distinct
biological and clinical characteristics, such as increased
proliferation rates, high histologic and nuclear grade, low
ER and PR levels, increased aneuploidy, proclivity to
metastasize to CNS viscera, relative resistance to
endocrine therapy, and increased sensitivity to
doxorubicin, making HER2 an important prognostic
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target for cancer therapy (Gutierrez & Schiff, 2011).
Consequently, the prevalence and aggressive nature of
HER2-positive breast cancer have led to the development
and approval of HER2-targeted therapy drugs. The first
breakthrough occurred 25 years ago with the monoclonal
antibody drug trastuzumab (Kreutzfeldt et al., 2020) .
However, determining additional potential ligands for
HER2 receptors can offer novel avenues for targeting
and may contribute to developing innovative drug
delivery methods.

Protein structure prediction (I-TASSER) and binding
affinity with HER2

Numerous protein structure predictors have been
developed to visualize and identify the protein's structure
and alignment templates from the Protein Data Bank
(PDB) (Burley et al., 2023) . Much effort has been
exerted to create novel algorithms to design the structure
predictors. One of them is I-TASSER, which notably
impacted protein and function structure prediction. The
structure prediction will help to determine the target
protein-protein interactions (PPIs) where I-TASSER may
generate five top predicted structure models along with
their spatial location (A. Roy et al., 2010) . The final
models are generated by decoy clustering for the
structural similarity, where they are evaluated for the
global topology and local secondary structure with TM-
score and RMSD (Zhang et al., 2019; Zhang, 2008) .
Once this is done, the ligands can be determined based
on the predicted structure.

The binding affinity of the protein-ligand complex is
measured to compare which protein can most likely bind
to HER2. One standard method for predicting protein-
ligand binding affinity involves free energy simulations,
such as free energy perturbation and thermodynamic
integration. These methods integrate molecular dynamics
simulation with free energy sampling algorithms but can
be computationally expensive (Jespers et al., 2021) .
Another popular approach is the use of scoring functions
(SFs). SFs predict binding affinity based on the structure
of the protein-ligand complex without simulating the
entire binding process. This makes them faster and more
suitable for large-scale applications (Seo et al., 2021) .
SFs can be categorized into physics-based, knowledge-
based, and empirical scoring functions, each with its
approach and advantages. However, approximating the
occurrence  frequency precisely and accurately
representing intermolecular interaction mechanisms
remains challenging for empirical scoring functions
(Meli et al., 2022).

In recent years, machine learning-based scoring
functions, also known as descriptor-based scoring
functions, have gained attention due to their superior
performance. One of these machine learning algorithms
is the Empirical Graph Neural Network for accurate
protein-ligand binding affinity prediction (EGNA).
EGNA  constructs different graphs based on
intermolecular distances and represents proteins and
ligands  separately. = An  empirical interaction
representation layer is designed to capture distance
information and raw atom features. It has shown superior

performance in lower errors and higher correlations
compared to state-of-the-art scoring functions (Xia et al.,
2023).

Research that have been conducted in this domain are
various, such as from Linding et al. (2003); Russell et al.
(2004); and Hashemifar et al. (2018) and who reviewed
the methods, challenges, and applications of PPI analysis
in human diseases, with examples from cancer,
neurodegeneration, and immune disorders. These studies
demonstrate the potential of structure prediction
programs for PPI analysis in cancer and other diseases.
However, that research did not cater specific data
analysis on specialized ligand such as RNA and metal-
based. Moreover, they were focused on developing
general interaction database on PPIs, and not on the
specific ligands. Research in the protein-protein
interactions (PPIs) of HER2 has the potential to uncover
critical ~signaling pathways and potential HER2
interaction partners, providing valuable insights into its
erroneous activity in breast cancer. It is hypothezied that
understanding the PPIs of HER2 with molecular
simulation may guide the development of novel
strategies for effectively diagnosing, treating, and
managing breast cancer, thus improving patient
outcomes and advancing breast cancer research. Hence,
this research aims to determine the PPIs of HER2 with a
structure  prediction program for breast cancer
determination. With the hope that the investigation of
PPIs may contribute to developing more -effective
prognostic and therapeutic tools in breast cancer research.

Methods

Sequence retrieval

The FASTA sequence of HER2 was obtained from
the protein database NCBI (National Center for
Biotechnology Information). The sequence retrieved is a
whole gene sequence that is coming from Homo sapiens
with a length of 1255 aa and a gene code ID of
AAAT75493.1 (Friend Tambunan & Parikesit, 2014).

Ligand determination

The sequence was uploaded to the I-TASSER server
for ligand determination, where the tool can predict
potential ligand binding sites on the HER2 structure.
Ligand-binding pockets and potential ligands are
identified based on various criteria, including shape
complementarity and electrostatic interactions. Those
criteria are designated for the benchmark test: RMSD
(Root mean squared deviation) and TM-score (Thread
modeling score).

RMSD is a way to measure the differences between
two sets of proteins, commonly being the predicted
protein and known reference structure. Parameters
measured include atom comparison, which specifies the
position of carbons, nitrogens, and hydrogens of amino
acids between the structure. Distance -calculation,
meanwhile, measures the distance between a pair of
atoms in a Euclidean manner where a straight line is
drawn in 3D space. These parameters are then inputted
into the formula:
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RMSD = ’M

The final value is measured in angstroms and
indicates the variability of distances between the atoms.
A value less than 3 A is considered good, while a value
between 3-5 A is still acceptable. Higher values than the
specified range are not advisable (Wicaksono & Parikesit,
2023).

TM-score compares the value from the experimental
to the native structure. It compares the structure and sizes
for the overall topological similarity. TM-score is
calculated with the following formula:

1 1
1+ 2/ 32

L represents the protein structure length, and d is the
distance in the aligned structures. The formula
determined the mean of the inverted square distances
between residues and normalized by the structure length
for overall protein folding. The value will range from 0
to 1, where a higher value indicates a closer similarity to
the reference. A score above 0.9 is an identical match for
the structure determination.

Binding affinity

The top three predicted ligands provided by I-
TASSER are selected for further analysis. The HER2
structure and each Protein Data Bank (PDB) ligand are
inputted into EGNA. This web-based tool utilizes an
empirical graph neural network to predict protein-ligand
binding affinity. It was trained on the refined and general
set of PDBbind 2016 and evaluated on the CASF-2016
and non-overlapping CSAR-HiQ. The tool constructs the
ligand and their interactions based on different regions of
each bound complex to estimate binding affinities. This
analysis helps determine which predicted ligands have
the highest binding affinity to HER2 (Zhou et al., 2022).

Comparison with molecular docking

HER2 and the ligand with the highest affinity are
inputted into CB-Dock2 to see the molecular docking
mechanism. CB-Dock2 is a blind docking server
developed by a research lab. It utilizes a protein-surface-
curvature-based cavity detection approach called
CurPocket to guide the molecular docking process using
AutoDock Vina (Liu et al., 2020). This analysis predicts
the possible binding conformation and binding energy of
the HER2-ligand complex, providing additional
information about the interaction and stability of the
complex.

To use CB-Dock2, the protein structure is inputted as
a PDB file, while the ligand is as an SDF file. The
submitted ligand is processed by adding hydrogen atoms
and partial charges and generating an initial 3D
conformation using RDKit. CB-Dock2 checks the
submitted protein, adds any missing side-chain and
hydrogen atoms, alerts the user about missing residues,
and removes co-crystallized water molecules and other
nonstandard groups (Liu et al., 2022) . The next step is
cavity detection and docking, where CB-Dock2 will use

template matching to find similar complexes in a
database. It runs two pipelines if found: structure-based
blind docking and template-based blind docking. Each
pipeline produces a list of binding sites and poses, which
are merged and ranked. If no similar complex is found,
CB-Dock?2 proceeds with structure-based blind docking
only (Liu et al.,, 2022) . Finally, the visualization and
analysis step presents the results to the user.

Visualization by PyMOL

Protein is visualized using PyMOL for a detailed
examination of the binding site, where the residues can
be selected and colored to highlight the binding pockets.
The ligand interactions and protein conformation of the
ligand-receptor complex can also be visualized, aiding in
the interpretation and analysis of the obtained results (Jia
etal., 2019).

Results and Discussion

I-TASSER

The HER2 human receptor FASTA sequence was
retrieved from NCBI with an overall length of 1255 aa
(amino acids) (Figure 1).

HER2 receptor [Homo sapiens]
GenBank: AAA75493.1
GenPept  Identical Proteins ~ Graphics

>AAA75493.1 HER2 receptor [Homo sapiens]
MELAALCRWGLLLALLPPGAASTQVCTGTDMKLRLPASPETHLDMLRHLYQGCQVVQGNLELTYLPTNAS
LSFLQDIQEVQGYVLIAHNQVRQVPLQRLRIVRGTQLFEDNYALAVLDNGDPLNNTTPVTGASPGGLREL
QLRSLTEILKGGVLIQRNPQLCYQDTILWKDIFHKNNQLALTLIDTNRSRACHPCSPMCKGSRCWGESSE
DCQSLTRTVCAGGCARCKGPLPTDCCHEQCAAGCTGPKHSDCLACLHFNHSGICELHCPALVTYNTDTFE
SMPNPEGRYTFGASCVTACPYNYLSTDVGSCTLVCPLHNQEVTAEDGTQRCEKCSKPCARVCYGLGMEHL
REVRAVTSANIQEFAGCKKIFGSLAFLPESFDGDPASNTAPLQPEQLQVFETLEEITGYLYISAWPDSLP
DLSVFQNLQVIRGRILHNGAYSLTLQGLGISWLGLRSLRELGSGLALIHHNTHLCFVHTVPWDQLFRNPH
QALLHTANRPEDECVGEGLACHQLCARGHCWGPGP TQCVNCSQF LRGQECVEECRVLQGLPREYVNARHC
LPCHPECQPQNGSVTCFGPEADQCVACAHYKDPPFCVARCPSGVKPDLSYMPIWKFPDEEGACQPCPINC
THSCVDLDDKGCPAEQRASPLTSIVSAVVGILLVVVLGVVFGILIKRRQQKIRKYTMRRLLQETELVEPL
TPSGAMPNQAQMRILKETELRKVKVLGSGAFGTVYKGIWIPDGENVKIPVAIKVLRENTSPKANKEILDE
AYVMAGVGSPYVSRLLGICLTSTVQLVTQLMPYGCLLDHVRENRGRLGSQDLLNWCMQIAKGMSYLEDVR
LVHRDLAARNVLVKSPNHVKITDFGLARLLDIDETEYHADGGKVPIKWMALESILRRRFTHQSDVWSYGV
TVWELMTFGAKPYDGIPAREIPDLLEKGERLPQPPICTIDVYMIMVKCWMIDSECRPRFRELVSEFSRMA
RDPQRFVVIQNEDLGPASPLDSTFYRSLLEDDDMGDLVDAEEYLVPQQGFFCPDPAPGAGGMVHHRHRSS
STRSGGGDLTLGLEPSEEEAPRSPLAPSEGAGSDVFDGDLGMGAAKGLQSLPTHDPSPLQRYSEDPTVPL
PSETDGYVAPLTCSPQPEYVNQPDVRPQPPSPREGPLPAARPAGATLERAKTLSPGKNGVVKDVFAFGGA
VENPEYLTPQGGAAPQPHPPPAFSPAFDNLYYWDQDPPERGAPPSTFKGTPTAENPEYLGLDVPV

Figure 1. HER2 Sequence Retrieval from NCBI

Once the FASTA sequence was obtained, it was
inputted into I-TASSER for further analysis. The first
step in I-TASSER's process involved threading, which is
the identification of potential templates from a database
of known protein structures. Threading was performed
by comparing the target protein sequence with the
sequences of proteins with known structures to find the
best matches. These template proteins were assumed to
have an overall fold and function similar to the target
protein. As seen in Figure 2, -TASSER determined eight
domains of the HER2 protein based on our input for the
structural modeling.

Once potential templates were identified, I-TASSER
constructed an initial model of the target protein through
fragment assembly. Fragments from the template
proteins that match regions of the target protein sequence
were aligned and assembled to create an initial structural
model (Yang & Zhang, 2015). In Figure 3, the top five
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models generated by I-TASSER can be seen. After the
initial model was generated, I-TASSER employed a
refinement step to improve the accuracy and reliability of
the structure model to predict binding pockets. This step

involved molecular dynamics simulations, energy
minimization, and other optimization techniques to refine
the protein structure and enhance the prediction of
ligand-binding regions.

Query Sequoence and Predicied Domain Dafinition
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Figure 2. Domain section from I-TASSER prediction model

Figure 3. Top 5 I-TASSER model

The algorithm then evaluated potential binding
pockets by  considering cavity size, shape
complementarity, and conserved residues commonly
found in ligand-binding regions. Once the binding site
had been identified, I-TASSER utilized various scoring
functions and algorithms to assess the protein's local
environment and surface properties to determine the
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ligands. These included solvent accessibility,
electrostatic potentials, and residue interactions. The
possible protein hits were generated through the
structural similarity from its specific region and overall
sequence with TM-Score and RMSD, respectively.
These protein hits were referred to the top 5 predicted
ligands and their confidence scores, as seen in Figure 4.

Ligand Binding Site Residues

726,734,751,752,753,796,798,799,800 801,802 804,808,612 852 862 863
252 255,269 261,262

534,547 548 555 572 777 779,761,762 763,784 785,844 873 674 876,876
513,896,906,913,914,915.917

iction. C-2cofe ranges [0-1], where a higher scofe indicates a mofe refiable prediction

information in the B
h the most representativ liga in the cluster, i.e., the one list
Il potential binding kgands in the cluster

the Lig Name column

Figure 4. I-TASSER results

By analyzing the predicted binding pockets of the HER2
receptor, we identified the top three ligands along with
their corresponding C-scores. The C-score measures

confidence in the predicted binding affinity between the
ligand and the receptor (Ain et al., 2015). A higher C-
score indicates a more vital predicted binding interaction.
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Figure 5. HER2 binding pocket and potential ligands

EGNA

To verify the results obtained from I-TASSER, the
binding affinity of each ligand was assessed EGNA
(Empirical Graph Neural Network). However, the
binding affinity calculations could not be determined for
Mg+2 and AEE ligands due to issues during the program

EGNA Result Page

execution. Only the UUU ligand exhibited successful
binding affinity estimation, with a pKd value of 3.42 mol,
as depicted in Figure 6. The binding of these three
ligands was further analyzed using molecular docking to
predict the quality and favored orientation of their
potential interactions with HER2 (Roy et al., 2015).

The pKd of the input protein-ligand complex is 3.42 Mol.

Reference

Chunqiu Xia, Shi-Hao Feng, Ying Xia. Xiaoyong Pan, and Hong-Bin Shen. Leveraging Scaffold
Information to Predict Protein-ligand Binding Affinity with an Empirical Graph Neural Network.

(Submitted)

Contact: hbshen@sjtu.edu.cn
Figure 6. Binding affinity of UUU ligand

CB-Dock2

The molecular docking results were evaluated using
Vina scores, indicating the binding quality between
proteins and small molecules. The Vina scoring function
combines different types of atomic interactions,
including steric, hydrophobic, and hydrogen bonding
(Quiroga & Villarreal, 2016) . These interactions are
calculated and adjusted based on the number of rotatable
bonds, considering the entropic penalties associated with
molecular flexibility. A lower (more negative) value in
this scoring system signifies stronger binding (Xue et al.,
2022).

The ligand AEE exhibited the strongest binding
affinity with a Vina score of -10.6. This indicates a
favorable interaction between the protein and AEE,
suggesting its potential as a promising ligand (Figure
7A). On the other hand, the ligand UUU showed a

slightly weaker binding affinity with a Vina score of -6.1.

It is worth noting that the binding affinity calculation for

the ligand Mg+2 encountered an error and could not be
determined (Figure 7B). This suggests a limitation in
accurately assessing the binding between Mg+2 and the
protein using the Vina scoring method.

PyMOL

PyMOL was used to visualize the protein complex
bonded with the ligand. Figures 8 depict the visualization
of the HER2 complex bound with the ligand, UUU, and
AEE, respectively. The residue for the chain was
specified from the prediction of the ligand binding site
obtained in I-TASSER. For UUU, it is specified at 252,
255, 259, 261, 262 while 726, 734, 751, 752, 753, 796,
798, 799, 800, 801, 802, 804, 808, 812, 852, 862, 863 for
AEE. The color is based on their secondary structures on
the atoms: yellow for the sheet region, purple for the
helical region, and green for the rest of the region. The
red color in the center showed the surface structure of
our ligand. Although it displayed how the HER2 bound
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in more positional specific atoms with the UUU ligand,

the AEE ligand was still confirmed to be better based on

the previous confirmation through molecular docking, as

the energy of the binding affinity evaluated also
considered their overall orientation to another

Figure 8. Visualization of HER2 Complex with UUU ligand (A) and AEE ligand (B)

Conclusion

Overall, this study utilized protein structure
prediction methods, specifically I-TASSER, to identify
the potential ligand of HER2. The results showed that
I-TASSER successfully predicted the structure of
HER?2, providing valuable insights into its protein-
protein interactions relevant to breast cancer
developments. The predicted ligands AEE, UUU, and
Mg+2 were identified based on their binding potential
to HER2. Subsequent analysis of PPI and molecular
docking data shows AEE as having significant

potential as a ligand to the HER2 receptor. This finding

can advance our understanding of the protein's role in

breast cancer, contributing to the development of

improved detection methods and treatments for
affected individuals. Furthermore, further studies could
expand upon this research by conducting molecular
docking and dynamics simulations to identify potential
drugs that could effectively target breast cancer.
Moreover, in depth molecular simulation will
eventually provide leads to the direction of wet
laboratory assays. Such investigation would offer
valuable insights and pave the way for developing
novel therapeutic strategies.
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