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Abstract

Alzheimer's disease is a prevalent and neurodegenerative illness that the molecular mechanism remains unclear, and its prevalence is increasing worldwide. There is some scientific evidence that the molecular complexity of Alzheimer's pathophysiology is associated with the formation of extracellular amyloid-beta plaques in the brain. A novel cross- phenotype association analysis of imaging genetics, reported a brain atrophy susceptibility gene that encoded by FAM222A. The protein encoded by FAM222A interactions with amyloid-beta(Aβ)-peptide (1-42) through its N-terminal Aβ binding domain and facilitates Aβ aggregation. The function of FAM222A protein is unknown and its three-dimensional structure has not been analyzed experimentally yet. Herein, our goal is to investigate the interaction of FAM222A with amyloid-beta(Aβ) by in silico analysis comprehensively, including the 3D structure prediction of FAM222A protein by homology modeling. This is the first attempt to demonstrate the interaction of FAM222A with the amyloid-beta(Aβ). Our analysis verified the interaction of the C-terminal domain of model protein with the N-terminal domain of Beta-amyloid. Our results confirmed in vitro and in vivo studies that claimed FAM222A helping to ease the aggregating of the Aβ-peptide.
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Figure 1:  A pipeline of molecular docking of Aggregatin and Amyloid-beta(Aβ) peptide. There are four key steps in the pipeline. First, the prediction of the 3D structure of Aggregatin. Second, the model protein structure analysis for quality. Third, protein-peptide docking by InterEvDock2 server and analysis by the PyMOL software.

Introduction
Alzheimer's disease (AD) is observed as a widespread and incurable ailment worldwide due to an increase in the average human lifespan in recent years. Although the risk factors described as lifetime and aging the classic Mendel inheritance that autosomal dominant or multi-reason features have also suggested as another risk factor. The increase in AD patient numbers in the population has become a social and economic problem since they become dependent on another person.1,2 The global number of AD patients who lived dementia was estimated at 43·8 million worldwide 3 and more than 5 million in the USA. This number may dramatically increase to 13.8 million people living in America with Alzheimer's dementia until the middle of the century.4

The neuropathology indicator of AD, which causes dementia, is neurofibrillary tangles inside the cell and formation of beta-amyloid (Aβ) peptides out of the cell, resulting in cerebral atrophy.5 From one of these main pathologies characterizing AD, Aβ results in oligomeric Ab by processing a proteolytic of amyloid precursor protein (APP) in an inaccurate form and finally aggregates in Ab fibrils and plaques as a lesion intracellular.6 It is unclear what the function of APP is, However its role in cell growth and biological activities such as signaling and neuronal development has shown in several studies.7

Understanding the crucial patterns of origin of the Ab pathology is based on comprehending the mechanisms that show how the monomers that make up the Ab aggregates are formed and how oligomeric clusters form lesions. Many erroneous peptides formed by proteolytic processing of APP might be a significant effect on neuronal dysfunction in AD. These peptides are mostly encountered in the region of the hippocampus in the brain.8 Cleavage of APP may process into two alternative pathways as non-amyloidogenic and amyloidogenic. In the non-amyloidogenic proteolytic pathway, APP is normally processed through α-secretase and λ-secretase, producing soluble peptides, while it is forming indissoluble fragments as amyloid-beta peptides that aggregate in the amyloidogenic process.1,6 Further investigations are required to clarify the mechanisms associated with AD by aggregation of these peptides after proteolytic processing.

The amino acid sequence of Aβ42 from amyloid plaques was initially uncovered in the 1980s as the first time.9 Aβ is generally believed to be naturally unstructured and therefore might not be crystallized by standard techniques. Hence, various studies deduce on optimizing forms that can preserve Aβ peptides. The 3D structure of various the Aβ peptides was identified by experimental tool including nuclear magnetic resonance (NMR) and X-ray crystallography. As such, most information about the structure of Aβ was obtained from NMR and molecular dynamics.1 Obtained models from NMR of the structure of Aβ peptide (1-28) demonstrate that folding into α-helix with β-sheet structure conversion taking place during the early stages of amyloid deposition in the AD.9 Aβ peptide (1-28) is the main part of the amyloid plaques in AD and histidine-13 and lysine-16 of its chains are locating on the same face of the helix. Also, Aβ(1-40) peptide in the physiological condition is an α-helical structure whilst amyloid fibrils by these proteins largely shaped β-sheet structures. This structural modulation from α-helix to β-sheet is proposed as the critical step in the formation of aggregation.10

It seems that most of the studies carried out in vivo and in vitro so far have been focused on elucidating their molecular complexity concerning the accumulation of amyloid-beta and the hyperphosphorylated microtubule protein tau in the pathology of Alzheimer. In a very recent study, Yan and et al. have reported that a brain atrophy susceptibility gene that encoded by FAM222A agglomerates in amyloid deposits, interacting by amyloid-β (Aβ) via its N-terminal Aβ binding domain. The protein encoded by FAM222A that termed as Aggregatin expression was mainly detected in the brain and spinal cord of the central nervous system (CNS) by using a specific antibody in vitro. The length of Aggregatin is 452aa long and its function is still indefinite. To comprehend its pathological role in AD, The research team observed FAM222A accumulation in the core of amyloid deposits. They indicated how it interacts physically with amyloid-β via its N-terminal Aβ binding domain. This is one of the significant studies performed on a patient with AD and in an AD mouse model that shed a light on the pathophysiology of AD. 5.

In the current study, we aimed at predicting the three-dimensional structure of Aggregatin using various approaches by considering the discoveries that show the interaction of the molecules of interest. The molecular docking was also performed under the inspiration of this founding. We used homology modeling for obtaining model proteins and then performed a protein-peptide docking study by many approaches. While the prediction of protein structure by homology modeling has been performed broadly for folding proteins in general, for misfolded protein and aggregates to implementation has been limited.	

More mechanistic studies are obliged to obtain sufficient information about the 3D structure and function by associating the protein encoded by the FAM222A gene with lately Alzheimer's pathology. Considering the critical roles of Aggregatin, it is fundamental to point to its physicochemical characteristics at the atomic structure level. Our results obtained by the analysis of computational approaches will contribute information that provides an overview of the pathogenesis of AD and supports the elucidation of the protein, which is claimed to play a possible critical role in amyloidosis.
Materials and Methods
Prediction of the 3D structure of Aggregatin by Homology Modeling

All of the work-flow is summarized in Fig.1. We fetched the protein sequence encoded by Human FAM222A (Reference Sequence: NP_116218.2) from NCBI in FASTA format, used the PSIPRED11 to predict the secondary structure of the Aggregatin. To have a tertiary structure of Aggregatin as a model, the amino acid sequence was subjected to I-TASSER12,  PHYRE2 13, Robetta14,15 that are commonly using based-homology modeling. To quality control of model proteins, we applied to the tool of Qualitative Model Energy Analysis (QMEANDisCo)16  and ProSAweb.17

Sequence Analysis
We performed pairwise in PSI-BLAST (Position-Specific Iterated BLAST) 18. All general and scoring parameters left as default settings including MATRIX: BLOSUM62 and the threshold value (0.005).  We also analyzed the primary structure using predicting DomPred19 (Protein Domain Prediction) and interpreted the outputs in Jalview 2.11.0.20


Visualization of Molecular docking 
The primary structure of Aggregatin was visualized using Jalview 2.11. The PyMOL21 software was utilized for representing the tertiary structure proteins-peptides and analyzing the docking results at the atomic structure level. We retrieved the crystal structures of Amyloid Beta-Peptide (1-28 Aβ) (PDB ID:1AMB), and (1-42 Aβ) (PDB:1IYT) from PDB(Protein Data Bank) at http://www.rcsb.org/ to protein-peptide interaction study. To visualize the N-terminal and C- terminal domain of Amyloid-beta protein 42, we retrieved the Fig.3 from Protein Data Bank in Europe (PDBe) which is available at https://www.ebi.ac.uk/pdbe/. All docking simulations were conducted by InterEvDock222–24 online server via using the FRODOCK225 and SOAP_PP.26

Results and Discussion
In this paper, in silico analysis of the protein, which is termed Aggregatin, whose function and three-dimensional structure is not characterized yet and associated with Alzheimer's pathology by in vitro and in vivo investigations, is aimed. The Aggregatin interacting with Amyloid-beta and forming lesions together was determined as a result of extracellular aggregate formation observed in Alzheimer’s pathology.5 Even though Aggregatin is expressed in the nerve cells, it remains uncertain from which sort of the cell and compartment to release and how to form a core for extracellular amyloid-beta plaques. Yet, the in vitro studies carried out so far demonstrate that Aggregatin was approved to place in the nucleoplasm and plasma membrane of the cell parts as well as mitochondria and focal adhesion.27 

Protein structures may consist of multiple intense foldable parts named domains. These contain typical hydrophobic cores, can be folded freely of each other and frequently connected with distinct functions.28 For this purpose, our first approach in this study was to predict the domain of the Aggregatin's amino acid sequence and to make sense of them if there is a potential significant aa sequence such as signal peptide, protein binding interfaces. In the domain prediction analysis with DomPred, which we have displayed in Fig.2, the parts to be localized in the transmembrane region in certain series domains were predicted as in represented the Kyte-Doolittle scale denotes hydrophobic amino acids. In the primary structure of the Aggregatin, the range 147-299 aa is a proline-rich and is bound by the membrane as a helix form, and the remainder part continuing as the extracellular part. Furthermore, its N-terminal part is in the cytoplasm, C-terminal is in the out of the cell and the range of 244-259 aa is pore-lining part in the membrane. 
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Figure 2: The primary structure of Aggregatin of encoded by FAM222A using domain prediction in PSIPRED. In the primary structure of Aggregatin protein, the cytoplasmic part is colorless, the proline-rich region(147-299) obtained from UniProt is navy blue. In this part, the transmembrane region (245-260 residues) is gray and the orange region (261-452) represents the extracellular part. MEMSAT-SVM shows the transmembrane helix topology. The Kyte-Doolittle scale indicates hydrophobic amino acids.

We also performed the domain prediction of the sequence of FAM222B protein, which we think would be a clue in the future in vitro studies. The related key between FAM222A and FAM222B share the same domain and in the same protein family, both of them are localized in the nucleoplasm and their alignments result in the blastp is per ident 49.04%.  Although the FAM222B has been approved to be localized merely in the nucleoplasm by in vitro, its domains were predicted the transmembrane and extracellular part, the glycine-rich region, and the signal peptide part in the cell membrane. 

To seek for both theoretical and experimental studies, domain prediction using sequence possesses significant consequences. In structural research implemented by experimental studies such as NMR or X-ray crystallography, it is generally to achieve more by single-domain proteins rather than full multi-domain proteins.29 Thus, it might be more beneficial to partially analyze the primary structure of proteins. It would be more logical for structural biologists to categorize single-domain proteins exactly from multi-domain ones.

For seeking the interaction between β-Amyloid42 peptide and Aggregatin at the atomic side level, we attained to the graph of Aβ42 to identify which residues N or C- terminal domain from PDBe. According to this chart,  the N-terminal domain of the Aβ42 sequence is up to the 27th residue, thanks to data combined with several databases such as CATH 30 and SCOPE 31 (See Fig.3).
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Figure 3: The chart represents the N-terminal and C- terminal domain of 1-42 Aβ peptide. According to some databases such as CATH, SCOPE, UniProt, 1-26 residues of Aβ peptide represent the N-terminal domain, 27-42 residues of Aβ peptide represent C- terminal domain( Protein Data Bank in Europe).

QMEAN tool was used to control the quality of the model protein to be subjected to the docking process and to determine the accuracy rate of the three bioinformatics tools selected for Aggregatin. As a result, the model protein from the Robetta was subjected to protein-peptide docking. Models obtained from the other tools were determined to be inapplicable for the docking process. Robetta is a protein structure prediction service that is continuously evaluated with CAMEO(Continuous Automated Model EvaluatiOn), which constantly assesses the accuracy and reliability of the prediction. Among other prediction tools at CAMEO, Robetta and QMEAN are the first-line by time-based statistical confidence and show reliable performance. We also used the ProSAweb to verify the quality of the model protein. The Z-score designates the entire model-quality as -6.15  in Fig.4.
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Figure 4: ProSA-web service analysis of Aggregatin. The black dot denotes that the input Aggregatin is in the range of Z-score values of experimental structures relative to several amino acid residues and Energy graph of the predicted Aggregatin. The Z-score designates the entire model-quality as -6.15 in the X-ray region in the plot. The other plot shows the local quality concerning the number of sequence positions.

The structural simulations of protein-protein interactions are fundamental to explain how each cell machinery assembles at the molecular level. It is very helpful to count on multiple sequence alignments and their structures and to recognize binding interfaces when neighbor proteins have possible homologous sequences. In the docking procedure of the current study, InterEvDock2 that is a free online tool, using for protein-protein docking operating the InterEvScore potential particularly produced to combine evolutionary information. The potential of InterEvScore has been developed for heteromeric protein interfaces and has integrated evolutionary information obtained from the multiple sequence alignments of each protein in the clusters with a residual-based multi-body statistical potential.

In this online server, docking searching is systematically implemented by using the FRODOCK2 and the results are re-calculated by InterEvScore24 and SOAP_PP atom-based statistical potential to boost the confidence of the predictions.

As mentioned before, we predicted acceptable clusters using the InterEvDock2 server. This server predicts 10 top of consensus complexes for 239 out of 812 test cases. We selected from these clusters for each of Aggregatin-Aβ42 peptide and Aβ28 peptide in Table 1-2. Besides, the InterEvDock2 server predicts 5 top of residues interacting at the interface of a complex by the scoring system for the top10 clusters for 30 models obtained from InterEvDock2, FRODOCK2, and SOAP_PP.

	Docking complexes
	Residue number(Aβ42)
	Aggregatin
	Docking score

	IES1_A
	HIS6
	TYR303
	423.1

	IES6_ B
	HIS13, LEU17, PHE20
	GLN442, HIS443,ASP359
	372.17

	IES9_C
	TYR10, HIS13
	ALA365, VAL333
	360.15

	SOAP_B
	TYR10, VAL18
	LEU448, HIS443
	-16473.52

	SOAP_A
	HIS6, GLY9, GLY37
	ARG447, HIS445, LEU353, 
	-16148.85

	FRODOCK2_A
	GLY29, ILE32
	GLN442
	2267.23

	FRODOCK4_B
	ARG5, HIS13
	PRO147, TYR321
	2062.62

	FRODOCK1_C
	GLU11, LYS16, GLU22 ILE31, LEU34
	TYR148,  ARG319, SER312, SER241
	2290.05



Table 1: Probable interface residues on each protein between the model of Aggregatin and Aβ42 peptide from amyloid plaques


	Docking complexes
	Residue number(Aβ28)
	Aggregatin
	Docking score

	FRODOCK2_A
	ARG5, TYR10
	LYS135, GLY155
	1727.14

	FRODOCK4_B
	HIS13, LYS16
	GLY429, ARG447
	1699.13

	FRODOCK8_C
	TYR10
	HIS445
	1646.18

	SOAP_A1
	LYS16
	(ASP284, TYR285,CYS360)
	-15623.78

	SOAP_A2
	GLN15
	ASN195
	-15795.12

	IES2_B1
	TYR10, HIS6
	LYS135, ARG133
	236.81

	IES3_B2
	HIS13, LYS16
	ARG447, GLY429
	226.48



Table 2: Possible interface residues on each protein between the model of Aggregatin and Aβ28 peptide from amyloid plaques


Although the sequence per identity obtained using PSI-BLAST for homology modeling is 31-26%, there are sufficiently acceptable docking results as exhibited in Fig. 5-9. Even if the sequence similarity is under 30%, this does not mean that the model protein obtained by comparative analysis will have low reliability. Some primary sequences may have been conserved, and homology modeling can predict as accurately as experimentally obtained low-resolution models.32
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Figure 5: The model of Aggregatin and Aβ42 peptide of InterEvDock2 results. Aggregatin interacts with the residue of HIS6 (Section A),   HIS13, LEU17, PHE20 (Section B), TYR10, HIS13 (Section C) in N-terminal domain of Aβ1-42 peptide. The highest score belongs to the model in section A (See Table 1)
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Figure 6: The model of Aggregatin and Aβ42 peptide of SOAP_PP results. Aggregatin interacts with the residue of HIS6, GLY9 (Section A),   TYR10, VAL18 (Section B) in the N-terminal domain of Aβ1-42 peptide but GLY37 in section A is in the C-terminal domain of Aβ.
[image: ]
Figure 7: The model of Aggregatin and Aβ42 peptide of FRODOCK2 results. Aggregatin interacts with the residue of ARG5, HIS13 (Section B), GLU11, LYS16, GLU22 ILE31, LEU34 (Section C) in N-terminal domain of Aβ1-42 peptide but GLY29, ILE32 (Section A) and ILE31, LEU34 (Section C) are C-terminal domain of Aβ42. 
[image: ]
Figure 8: The model of Aggregatin and Aβ28 peptide of FRODOCK2 results. Aggregatin interacts with the residue of ARG5, TYR10 (Section A),   HIS13, LYS16 (Section B), TYR10(Section C)  in Aβ28 peptide. ARG5, TYR10 HIS13 residues are common both Aβ28 and Aβ42 in docking results.
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Figure 9: The model of Aggregatin and Aβ28 peptide of SOAP and IES results. Aggregatin interacts with the residue of LYS16 and GLN15 (Section A1 ve A2),   TYR10, HIS6 and HIS13, LYS16 (Section B1 and B2) in Aβ28 peptide. TYR10, HIS13, LYS16, and HIS6 residues are common both Aβ28 and Aβ42 in docking results. 

In our study, the docking of Aggregatin with both Aβ42 and Aβ28 peptides is since both peptides are involved in the amyloidosis process. Aβ28 peptide is the main part of the amyloidosis procedures as deposits in AD, which might be taken place in the early phase of amyloidosis. Here, the side chains of HIS13 and LYS16 in the Aβ28 localized on the same face of the helix. Interestingly, the docking process with HIS13 and LYS16 residues of the Aβ28 peptide is among the highest binding energy results in Table 2. The interaction of Aβ42 peptide with Aggregatin made with LYS16 HIS13 residues in FRODOCK2 outcomes also possesses higher binding energy in Table 1. Our expectation in the study was to question whether our docking results were compatible with the in vitro analysis by Yan et al. and that this Aggregatin binds to amyloid-beta from the N-terminal region. Along this way, as a result of scoring three programs in the docking process, we concluded that the models with the highest binding energy are the complexes that interact with residues (1-26) in the N-terminal region of the Amyloid beta.

CONCLUSION

Alzheimer's disease has no known specific remedy yet, but treatment to the patient may be contributed to slowing the progression of the disease and increase the quality of life. On the other hand, there is no only one predictable result for Alzheimer's patients. Some patients may experience the cognitive problem slightly; however, others may undergo a quicker onset of symptoms and faster disease progression. In this case, the strategies on how to implement the therapies have gained importance with molecular and cellular approaches. Here, we reported an in silico study explaining how Aggregatin protein at the molecular level facilitates the formation of amyloid-beta plaque. The domain analysis of Aggregatin supports its cell localization by confirmed in vitro. This study will help understand the possible conformational change in the three-dimensional structure of Aggregatin, which will be described in the future by experimental methods, for mutations such as deletions and SNP. From a future perspective, the results of the computational approaches we obtain support the Molecular dynamic simulation application to validate this study and increase its reliability. Our study might be a preliminary preparation for future drug discovery and development to examine the atomic level of a protein that facilitates the formation of amyloid-beta plaque, known as one of those responsible for Alzheimer's pathology.
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