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A B S T R A C T

The estrogen receptor 1 gene (ESR1) plays a crucial role in breast and mammary development in
humans. Alterations such as gene amplification, genomic rearrangements, and missense muta-
tions in the ESR1 gene are reported to increase the risk of breast cancer in humans. The purpose of
this study is to analyze the missense mutations and molecular modeling of ESR1, focusing on the
pathogenic SNP H516N, for a better understanding of disease risk and future benefits for thera-
peutic benefits. This SNP was selected based on its location in the binding pocket of ESR1 and its
predicted impact on drug binding. The in silico analysis was performed by applying various
computational approaches to identify highly pathogenic SNPs in the binding pocket of ESR1. The
effect of the SNP was explored through docking and intra-molecular interaction studies. All SNPs
in ESR1 were identified followed by the identification of the highly pathogenic variant located in
the binding pocket of ESR1. The mutant model of the pathogenic SNP H516N was generated, and
hydroxytamoxifen was docked with the wild-type and the mutant model. The mutant model lost
the formation of stable hydrogen bonds with the active site residues and hydroxytamoxifen,
which may result in reduced binding affinity and therefore, will predict the patient’s response to
estrogenic inhibitors.

1. Introduction

Estrogen is a steroid hormone produced by ovaries in the reproductive cycle stages and plays a crucial role in the growth and
development of the breast [1]. Estrogen binds to estrogen receptors (ERs) of the nucleus forming a receptor-ligand complex, which
binds to the promoter region of estrogen response elements in estrogen receptor genes via protein-protein interaction [2]. This event
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recruits other co-regulatory proteins towards the promoter sequence for increasing and decreasing the expression levels.
ER functions as a ligand-dependent transcription factor consisting of two estrogen receptor isoforms i.e. ERα and ERβ, sharing

sequence homology [3]. ER plays a vital role in mammary development, whereas the function of ER is unknown; nonetheless, in-
vestigations have shown that the absence of this gene does not result in reduced function [4,5]. ESR1 encodes the Estrogen Receptor
alpha (ERα), which is composed of 595 amino acids, that encode the ERα gene, a molecular weight of (300 Kb), consisting of seven
introns and nine exons with the first eight exons encoding the full-length isoform of ERα [6]. ERα consists of six structural domains,
which include two binding domains i.e. DNA binding domain named DBD/C-domain and the ligand binding domain named
LBD/E-domain [7]. The ligand binding domain of ERα consists of a C-terminal helix named H12 which controls the antagonist state of
the receptor [8]. The receptor is activated when the ligand binds to LBD causing the stabilization of H12 in active conformation and
allowing the subsequent binding of co-activators [9]. On the other hand, receptor activity is inhibited after an antagonist binds to LBD
and causes stabilization of H12 inactive conformation which results in the binding of co-repressors [4].

The prevalence of different cancers is significantly influenced by genetic variation. The most frequent genome variation in humans
associated with diseases is Single Nucleotide Polymorphism (SNP). It accounts for 90 % of all genetic variations and exists after every
100–300 nucleotide bases in the genome sequence [10]. Although SNPs exist in both coding and non-coding regions of the genome
with variable densities, they occur frequently in non-coding regions of the human genome such as introns, regulatory regions, and
untranslated regions [11]. SNPs in UTRs result in the alteration of transcriptional activity, while SNPs in regulatory regions affect the
gene expression and binding ability of transcriptional factors [12]. On the other hand, SNPs in the coding regions cause changes in
amino acids resulting in variable protein product formation and leading to several different diseases [13].

Polymorphism in the ESR1 results in breast cancer including gene amplification, genomic rearrangements, and missense mutations
[14]. A multitude of SNPs in ESR1 associated with breast cancer incidence have been identified in recent years and there is much
research under process for comprehending the role of these SNPs in breast cancer [15–17]. Recent reports displayed that about 70 % of
breast cancers are estrogen receptor-positive [18]. Numerous cellular activities, including cellular development, differentiation, and
reproductive system operation, are regulated by ESR1. The development and upkeep of the skeleton, as well as the healthy operation of
the neurological and cardiovascular systems, are all regulated by estrogen. The development or changed expression of mutant and/or
variant versions of the estrogen receptor is one mechanism that has been proposed to contribute to the transition of human breast
cancer from hormone reliance to independence [19].

Genetic epidemiology requires identifying disease-causing gene variations. SNPs can be used to study many genetic traits and their
problems [20]. Many of the SNPs identified in ESR1 have not yet been thoroughly studied for their potential to cause breast cancer
[18]. The ligand-binding domain of ESR1 is critical for its function, as it directly interacts with ligands and co-regulatory proteins.
Mutations within this domain can significantly impact the receptor’s function and its interaction with therapeutic agents. It has been
demonstrated that hydroxytamoxifen, a selective estrogen receptor modulator (SERM) and active metabolite of tamoxifen, is a drug of
choice for treating estrogen receptor-positive breast cancer due to its ability to bind to the LBD and inhibit receptor activity [21,22].
Therefore, the structure of ESR1 bound with hydroxytamoxifen (PDB ID: 7UJ8) provides a valuable framework for studying these
interactions [23].

In the present study, highly pathogenic SNPs that lie in the binding pocket of ESR1 are identified. We aim to explore the structural
and functional consequences of the mutation on drug binding, particularly with hydroxytamoxifen. This study provides insights into
the potential impact of this mutation on the effectiveness of estrogenic inhibitors in breast cancer treatment. The effect of the SNP on
drug binding is assessed by applying a molecular docking approach. To create more effective and strong inhibitors to target these
mutant receptors in the therapy, it is essential to have a thorough understanding of how these and other gain-of-function mutations
affect the structure and function of ESR1.

2. Materials and methods

2.1. Dataset retrieval

Data for ESR1 variant analysis was obtained from the online gnomAD database (V2.1) released on October 17, 2018 (https://
gnomad.broadinstitute.org). During data extraction from gnomAD, a variety of filters were implemented, namely loss of function
[24], 3’ & 5′ UTRs, splice region, synonymous, and missense (non-synonymous). The 75 missense mutations that probably result in
breast cancer were identified using Variation Viewer. The UniProt ID: P03372, “NM_000125.4" was used for the analysis of ESR1
Variants [25].

2.2. Structural and motif analysis of ESR1

To identify the motifs within the ESR1 protein sequence, we used the MEME (Multiple EM for Motif Elicitation) tool version 5.5
[26]. The protein sequence of ESR1 was retrieved from the UniProt database (UniProt ID: P03372). The tool was set to search for motifs
with a minimum width of 6 and a maximum width of 50. The Jpred 4 server [27] was used for secondary structure prediction, pre-
dicting secondary structure elements like alpha-helices, beta-strands, and coils using multiple sequence alignments and neural net-
works. Additionally, the ESR1 sequence’s topology was analyzed using InterProScan, a comprehensive tool that integrates protein
signature databases, to identify domains, repeats, and key sites [28].
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2.3. Deleterious variants

A web-based tool called CADD (Combined annotation dependent depletion) (https://cadd.gs.washington.edu/) has over 60 an-
notations [29]. This program provides a C-score and a thorough analysis of variations. The C-score, generally referred to as the “Phred
score,” reliably predicts whether a variation would have a high or low deleterious effect on the protein. The results were generated
after a variant list was uploaded to CADD. The remaining variants were then investigated for further analysis after a C-score filter
(≥15) was applied to the CADD file.

2.4. Pathogenicity of SNPs

The pathogenicity of amino acid substitution and its molecular processes are predicted using the MutPred analysis tool (http://
mutpred.mutdb.org/) [30]. It is used to classify amino acid changes in humans as either benign or pathogenic/deleterious.
MutPred has a cut-off value of >0.5, indicating that this substitution is pathogenic or would have negative effects. The prediction for
disruptive features either functional or structural can be characterized for a given mutation.

2.5. Stability analysis of SNPs

The impact of amino acid substitutions on protein stability was assessed using the computational tools I-Mutant 2.0 [31] and
MUpro [32]. I-Mutant 2.0 was used to predict the change in free energy (ΔΔG) based on the protein sequence, while MUpro utilized
neural networks and support vector machines to estimate ΔΔG without requiring structural information. For each variant of interest,
the DDG score was obtained from both I-Mutant 2.0 and MUpro. Positive DDG values were interpreted as indicating increased protein
stability, while negative values suggested the mutation would destabilize the protein.

2.6. Ligand preparation

The 3D structure of Hydroxytamoxifen was retrieved through PubChem [33]. The compound was prepared for the docking process
by standardizing charges and adding hydrogens in Swiss-PdbViewer (http://www.expasy.org/spdbv/) [34].

2.7. Target protein preparation

The three-dimensional structure of the target protein ESR1 PDB ID 7UJ8_A was obtained via the RCSB Protein Data Bank [35]. The
X-ray crystal structure of ESR1 with inhibitor 4- hydroxytamoxifen attached was obtained from the RCSB Protein Data Bank, crys-
tallized at 2.38 Å with a molecular weight of 60.84 kDa and 262 amino acid residues in a single unique chain [23]. The mutant model
of ESR1 H516N was built by the “Mutagenesis” module from PyMOL [36]. The target protein was prepared by adding missing atoms,
correcting connectivity, correcting names, and inserting missing loops using Swiss-PdbViewer. Energy minimization of the prepared
protein was carried out by Swiss-Pdb Viewer. The binding pocket of 7UJ8 was selected by creating a sphere of radius 13.12 Å around
the inhibitor OHT with x, y, and z coordinates 21.191095, − 26.165193, and 12.794570, respectively.

2.8. Molecular docking and intramolecular interaction assessment

The iGEMDOCK was utilized to complete the docking of the hydroxytamoxifen. Lib Dock takes care of everything from ligand and
protein preparation through molecular docking. While docking, scoring functions are employed to differentiate between active and

Fig. 1. The distribution of SNPs across the ESR1 gene revealed by gnomAD database.
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random compounds and to predict binding free energies in ligand-protein docking [37]. iGEMDOCK provides the post-analysis tools by
using k-means and hierarchical clustering methods based on the docked poses (protein-ligand interactions) and compound properties
(atomic compositions) [38]. Intramolecular interactions were analyzed by the “View Interaction” module from Discovery Studio
Visualizer [BIOVIA, Dassault Systèmes, Discovery Studio Visualizer, v21.1, San Diego: Dassault Systèmes, 2021].

3. Results

3.1. SNP datasets

The gnomAD database (V2.1) (http://www.gnomad-sg.org/) released on October 17, 2018; was used to retrieve the pathogenic
nsSNPs using filters [39]. A total of 244 SNPs were reported in the Human ESR1 gene. On further selection, 6.9 % were found to be 3′
UTRs, 0.8 % as 5’ UTRs, 35.2 % as intron variants, 0.8 % in-frame deletion/insertions, 0.4 % as start lost/gain, 3.2 % as splice regions,
21.31 % were synonymous and 30.7 % were nonsynonymous as depicted (Fig. 1). After filtering large data, 75 nsSNPs were further
analyzed for the investigation of most pathogenic variants.

3.2. Structural and motif analysis of ESR1

The ESR1 protein sequence was analyzed using the MEME tool, revealing two key motifs with high statistical significance. These
motifs, sequence “NWAKRVPGFV” and sequence “NQGKSVEGMV,” indicate critical regions within the protein that may play sig-
nificant roles in its structural stability and function. These motifs also indicate potential binding sites or interaction regions essential
for the protein’s activity in estrogen receptor signaling pathways. The Jpred 4 analysis predicted the secondary structure elements of
ESR1, including alpha-helices and beta-strands, which are crucial for receptor stability and function, Figure S 1. InterProScan analysis
of the ESR1 protein sequence revealed the presence of crucial domains essential for its function. The nuclear receptor (NR) ligand-
binding domain (LBD) (residues start: 325- end: 546), along with the ligand-binding domain of the nuclear hormone receptor and
HOLI domain, were identified. Furthermore, the ESR1 was annotated for functions, which highlighted its involvement in key biological
processes such as the intracellular estrogen receptor signaling pathway, regulation of transcription by RNA polymerase II, and cellular
response to estrogen stimulus. At the molecular level, ESR1 exhibits functions including estrogen response element binding and nu-
clear receptor activity. In terms of cellular localization, ESR1 is predominantly located in the chromatin and nucleus, highlighting its
pivotal role in transcriptional regulation and chromatin dynamics.

3.3. Prediction of pathogenic nsSNPs of the ESR1 using the CADD database

A total of 75 variants were selected for the analysis of most pathogenic variants using the CADD database. After passing them from
different predictive algorithms (SIFT, Polyphen2, MutationTaster, PROVEAN, CADD) nsSNPs showed hazardous impacts on ESR1
proteins. This prediction was done by observing the scores of variants as mentioned (Table S1). SIFT scores range from 0 to 1. Scores
less than 0.05 are predicted to be deleterious, while scores greater than or equal to 0.05 are predicted to be tolerated. PolyPhen-2
scores range from 0.0 (tolerated) to 1.0 (deleterious). Scores from 0.0 to 0.15 are predicted to be benign. Scores from 0.15 to 1.0
are possibly damaging. Scores from 0.85 to 1.0 are more confidently predicted to be damaging. PROVEAN scores range from − 14 to 14.
A default score threshold of − 2.5 is used to classify variants as deleterious (score ≤ − 2.5) or neutral (score > − 2.5). MutationTaster
provides a probability value (ranging from 0 to 1) that the alteration is either pathogenic or benign. Values closer to 1 indicate a high
‘security’ of the prediction. The CADD Phred score greater than 15 is considered deleterious, as shown in Fig. 2.

3.4. Pathogenic SNPs

Out of the 50 variants that were retrieved from the CADD Database, MutPred analyses the nine most highly pathogenic variants.

Fig. 2. The distribution of deleterious and tolerated nsSNPs by numbers identified by SIFT, Polyphen 2, Mutation Taster, PROVEAN, and CADD.
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Based on their scores, disruptive structural and functional features of the pathogenic variants, such as loss of loop, altered disordered
interface, and altered transmembrane protein, were also analyzed (Table 1). All the highly pathogenic variants predicted by MutPred
have a greater than 0.5 score.

3.5. Stability analysis

The predicted impacts of the tested amino acid substitutions on protein stability are summarized in Table 2. The change in free
energy (ΔΔG) values were obtained.

3.6. Molecular docking and intramolecular interaction assessment

The structure of ESR1 was retrieved through the RCSB Protein Data Bank. The structure lacks the atomic coordinates of some
residues, which were built using Swiss-PdbViewer (SPDBV). The energy of the ESR1 (PDB ID: 7UJ8_A) was − 6717.289 kJ/mol as
calculated by SPDBV. The structure was then energy minimized to − 6869.719 kJ/mol. The wild-type structure of 7UJ8_A starts from
residue A307 and ends at A546, as shown in Fig. 3. The mutant model of ESR1 H516N was generated using the “Mutagenesis” module
from PyMOL. The energy of the mutant model was estimated to be − 10133.405 kJ/mol, which was further minimized to − 10272.704
kJ/mol. Docking is a structural biology tool for studying how two molecules interact with one another. In the current study, we have
examined how the ESR1 protein and its specific mutant H516N docks with hydroxytamoxifen. The drug hydroxytamoxifen was
observed to bind in the binding pocket of ESR1 and form stable hydrogen bond interactions with Gly420 and Asp351, as shown in
Fig. 4. However, the covalent hydrogen bonds are lost in the docking of hydroxytamoxifen with the ESR1 mutant. Other close intra-
molecular interactions formed between the hydroxytamoxifen and the ESR1 and mutant ESR1 are shown in Tables 3 and S2.

4. Discussion

Pathogenic SNPs were discovered in the Human ESR1 gene after analysis of a total of 244 SNPs. If the SNPs are found in the binding
pocket, they may influence how the drug binds. As a result, research was done on the pathogenic SNP H516N that is present in the
binding pocket.

Structural analysis revealed the identification of two significant motifs, “NWAKRVPGFV” and “NQGKSVEGMV,” using MEME
analysis highlights important areas that are likely responsible for maintaining structural integrity [40]. In addition, the secondary
structure predictions made by Jpred 4 indicate a clearly defined arrangement of alpha-helices and beta-strands that are crucial for
maintaining the stability and functional integrity of ESR1 [41]. In addition, the InterProScan analysis provides evidence of the ex-
istence of important domains, including the nuclear receptor ligand-binding domain (LBD) [42] and the HOLI domain. This is sup-
ported by X-ray crystallography data (Fig. 3). The presence of these domains highlights the significant role of ESR1 as a key participant
in the regulation of transcription mediated by estrogen. Moreover, functional annotation provides additional clarification on its key
role in biological processes, such as intracellular estrogen signaling, transcriptional regulation by RNA polymerase II, and cellular
responses to estrogen stimuli. ESR1 demonstrates distinct functions at the molecular level, including binding to estrogen response
elements and acting as a nuclear receptor. These functions indicate its role in regulating gene expression. Cellular localization studies
demonstrate that ESR1 is primarily located in the chromatin and nucleus, suggesting its essential function in regulating chromatin
dynamics and transcriptional activities related to estrogen signaling [43].

Estrogen receptor alpha activation by the hormone promotes breast cancer in many ways. When estrogen attaches, the receptor
alters shape, exposing a surface for coactivators. After a coactivator binds to the estrogen receptor, the cancer cell grows, divides,
infiltrates surrounding tissues, and spreads. Antiestrogen medications change the receptor’s structure to impede coactivator binding

Table 1
Highly pathogenic variants of ESR1 predicted by MutPred algorithm.

Variation Predicted
Score

Structural and Functional Features of ESR Receptor

A65P 0.562 Gain of Loop (Pr = 0.27 |P = 0.04); Loss of Sulfation at Y60 (Pr = 0.03 |P = 0.02); Loss of GPI-anchor amidation at N63 (Pr = 0.01 |P
= 0.02)

Y73C 0.672 Loss of Sulfation at Y73 (Pr = 0.01 |P = 0.04)
S118P 0.641 Loss of Loop (Pr = 0.28 |P = 0.02); Gain of B-factor (Pr = 0.25 |P = 0.03)
E181A 0.578 Altered Transmembrane protein (Pr = 0.11 |P = 0.03)
Q226E 0.714 Altered Disordered interface (Pr = 0.29 |P = 0.03); Gain of Disulfide linkage at C221 (Pr = 0.26 |P = 3.4e-03); Altered

Transmembrane protein (Pr = 0.20 |P = 5.9e-03); Loss of GPI-anchor amidation at N225 (Pr = 0.01 |P = 0.03)
R256Q 0.618 Altered Disordered interface (Pr = 0.51 |P = 2.4e-03); Loss of Helix (Pr = 0.29 |P = 0.02); Gain of Acetylation at K257 (Pr = 0.25 |P

= 0.01); Altered DNA binding (Pr = 0.15 |P = 0.04)
K268N 0.535 Altered Disordered interface (Pr = 0.37 |P = 8.3e-03); Gain of Acetylation at K266 (Pr = 0.21 |P = 0.03); Loss of SUMOylation at

K268 (Pr = 0.19 |P = 0.04); Gain of Proteolytic cleavage at R263 (Pr = 0.13 |P = 0.02)
R269C 0.696 Altered Disordered interface (Pr = 0.41 |P= 6.2e-03); Loss of B-factor (Pr = 0.26 |P= 0.04); Gain of Acetylation at K266 (Pr = 0.23 |

P = 0.02)
R269H 0.503 Altered Disordered interface (Pr = 0.40 |P = 6.6e-03); Loss of Acetylation at K266 (Pr = 0.21 |P = 0.03)
H516N 0.565 Altered Coiled coil (Pr = 0.15 |P = 0.03); Gain of GPI-anchor amidation at N519 (Pr = 0.01 |P = 0.03)

A.M. Alamri et al.
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and compete with estrogen for receptor binding [44]. However, recent studies show that many metastatic breast cancer patients have
mutations in the estrogen receptor alpha gene. The free binding energy of the docked complexes shows insignificant changes; however,
loss of a stable hydrogen bond interaction was noted in the mutant-hydroxytamoxifen complex, which may result in reduced binding
affinity leading to decreased effectiveness in the inhibitory effect of the anti-estrogen drug. The directionality of drug-receptor
hydrogen bonds is crucial in regulating the specificity of drug-receptor binding. Hydrogen bonds between drugs and receptors are
regarded as key factors in binding. However, hydrophobic interactions increase the binding of the drug and contribute significantly to
the affinity of most drugs to the receptors [45]. The common hydrophobic interactions formed between the wild-type ESR1, mutant
ESR1 H516N and hydroxytamoxifen Ala350, Leu346, Ala350, Leu525, Met421, and Leu387. However, the hydrophobic interactions
with Trp383 and Met481 are lost in the mutant ESR1 H516N. The knowledge acquired from these frequent alterations can be applied in
the development of new antiestrogens to successfully treat breast cancer.

5. Conclusion

The current study aimed to fill the gap between genetic analysis and therapeutic methodologies for treating breast cancer. This
study is based on in silico studies of the ESR1 and its SNPs. The revealed pathogenic SNPs, one of these is located in the binding pocket
was further studied for its effect on drug binding. The mutant model of the SNP H516N was generated, where hydroxytamoxifen was
docked and the interactions were compared with the wild-type ESR1. The SNP H516N was observed to loose some specific hydrogen
bond and hydrophobic interactions that may result in reduced binding affinity of the drug. Therefore, as an approach of precision
medicine this study will be helpful in predicting the patient’s response to estrogenic inhibitors. Moreover, a novel drug can be designed
to cure breast cancer patients with H516N mutation that can effectively bind to the mutant ESR1.

6. Limitations and Future Perspective

The study provides valuable insights into the effect of ESR1 SNP H516N, however, future experimental validation is required.
Current limitations of the study include a single SNP and a single ligand, therefore, future studies are required to explore broader SNP
profiles and additional therapeutic agents for better understanding and treatment strategies. Future avenues for research could greatly

Table 2
Predicted protein stability changes.

Variation I-Mutant 2.0 (ΔΔG) MUPRO (ΔΔG)

A65P − 0.98 − 1.28209
Y73C 1.75 − 0.50018
S118P 0.17 − 0.86991
E181A − 0.29 − 1.1997
Q226E 0.02 − 0.44146
R256Q − 1.1 − 0.64152
K268N 0.28 − 0.33979
R269C − 0.61 − 0.83622
R269H − 0.21 − 1.06756
H516N − 1.66 − 1.04068

Fig. 3. Cartoon representation of ESR1 structure (PDB: 7UJ8_A), highlighting the SNP H516N (Shown in sticks), NR-LBD domain highlighted in
olive color, motifs, and binding sphere around the bound ligand hydroxytamoxifen.
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improve our knowledge and treatment approaches for breast cancer. Our future studies include, integration of molecular dynamics
(MD) simulations to investigate the dynamic behavior of ESR1 and its variants that will provide a more profound understanding of
their structural dynamics and intra-molecular interactions. For validating the predicted effects of SNP H516N on ESR1 function and
drug binding, in vitro and in vivo approaches will be employed to improve the reliability and applicability of the computational
findings. Additionally, expanding the focus to encompass thorough SNP profiling throughout ESR1 and associated genes may reveal
some novel findings impacting treatment outcomes and breast cancer risk. These initiatives have the potential to direct the devel-
opment of customized treatment plans, such as personalized medicines.

Fig. 4. Docked complexes and their interaction in the binding pocket of wild-type and mutant ESR1, the ligand-hydroxytamoxifen is shown in ball
and sticks. The interactions are shown in dashed lines and labeled with the distance in Å. (A) and (B) 3D and 2D interaction of hydroxytamoxifen in
the binding pocket of wild-type ESR1, respectively.(C) and (D) 3D and 2D interaction of hydroxytamoxifen in the binding pocket of mutant H516N,
ESR1, respectively.

Table 3
Intramolecular Interactions formed between hydroxytamoxifen and the ESR1 wild-type and mutant protein.

Target Protein Fitness Intramolecular Interaction

ESR1 − 100.25 Conventional Hydrogen Bond: Gly420.
Carbon hydrogen bond: Asp351.
Pi-sigma: Ala350, Trp383.
Alkyl: Leu346, Met481.
Pi-alkyl: Ala350, Leu525, Met421, Leu346, Leu387.

ESR1 mutant H516N − 100.24 Pi-Donor Hydrogen Bond: His524.
Pi-Sigma: Leu525.
Alkyl: Leu346.
Pi-Alkyl: Ala350, Met421, Ile424, Leu346, Leu387, Phe404.

A.M. Alamri et al.
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