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Abstract

Alzheimer’s disease (AD), a neurological disorder with increasing prevalence worldwide, presents a significant challenge
to the medical community. The molecular mechanism underpinning its neuropathology is still wholly unexplained. Re-
cent investigations have focused on the role of the protein aggregatin (AP), encoded by FAM222A, in amyloid-beta (AB)
aggregation via its N-terminal AP binding domain. The current study aims to characterize the interaction mechanisms
between the AP and AP (;_43 and 1-28) Peptides using all-atom molecular dynamics (MD) simulations. The objective is to
assess whether AP is a stabilizing scaffold in AP peptide aggregation, validate docking outcomes from previous studies,
and compare the stability and interaction profiles of different AP isoforms. AP (;_4, 1_25) peptides were converted from
the a-helix to the B-sheet form to inquire better-docked formation with the AP. The selected docking poses from our
previous study and the four top scoring from HADDOCK were implemented in MD simulations, resulting in relatively
stable complexes as indicated by consistent RMSD/RMSF trends without major structural disruptions. However, no
binding free energy or interaction network analysis was conducted, and the conclusions are thus limited to structural
stability observations. Our calculations hold accurate points for further experimental AD research on designing and
developing the relevant protein-peptide interactions.

Keywords: Aggregatin protein, Amyloid-beta peptide, Alzheimer’s disease, Protein-peptide docking, Molecular dynam-

ics simulation

1. Introduction

Alzheimer’s disease (AD) is the most common form
of dementia worldwide, remaining incurable and continu-
ing to rise in prevalence, primarily due to the aging global
population. For many years, the progression of this neuro-
logical disorder has been traditionally characterized by the
abnormal folding of beta-amyloid peptides, which leads to
the formation of plaques alongside the development of
neurofibrillary tangles composed of hyperphosphorylated
tau protein.? An extracellular Ap plaque aggregation of
protein fibril in abnormal formation is amyloidosis.> AB;_4,
is one of the most toxic pieces of the Amyloid precursor
protein (APP) that forms accumulation in the extracellular
part.* Various models have been proposed to explain fi-

brillation and amyloid-beta (Ap) aggregation, all of which
generally involve structural alterations in the monomeric
protein, leading to increased peptide toxicity. These mod-
els highlight the transition from native structures to more
aggregation-prone forms, which contribute to the patho-
logical effects observed in diseases such as Alzheimer’s.®
Understanding Alzheimer's pathology at an atomic level
and how amyloids form stable structures is critical to de-
signing effective therapeutic molecules that could poten-
tially brighten the future of Alzheimer's treatment.

The examination of the impacts of various forms on
the structure of AR peptides and the comprehension of
their toxicity is a prevalent approach for the therapy of AD.
However, it has been reported that A peptide aggregation
processes are linked to multiple factors, including muta-
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tion, alterations in species concentration, and low varia-
tion in physiological conditions, the proportion of AP;_4
to Ap,.4, and generate alternative structures for the pep-
tide. This disarrangement of the peptide structure, linked
with a broad range of complex structures, has conducted
not only experimental approaches adequate to investigate
the beta-amyloid peptide structure but plenty of computa-
tional studies have been performed in this field.*® From
one of the experimental and hypothetical works, a number
of researchers have recently discovered that the protein
Aggregatin (AP) encoded by FAM222A (Family with se-
quence similarity 222 member A) interacts with AP, 4,
peptide by its N-terminal AP binding domain and its char-
acteristic accumulation in the heart of AP plaques. Ac-
cordingly, the results have exhibited the protein that may
play a critical role in amyloidosis by facilitating AP aggre-
gation.® In one of our former studies, we conducted the
first structural biology investigation following the discov-
ery of the AP and revealed interaction poses with the Ap
peptide.!? Plus, another study showed that FDA-approved
drugs could target AP by identifying it as a potential drug
target and providing a beacon of hope in triggering in vitro

and in vivo assays for the battle against AD.!! The central
hypothesis of this study is that AP facilitates AP aggrega-
tion by acting as a stabilizing scaffold, particularly through
interactions with the N-terminal regions of AP peptides.
To test this, we performed all-atom MD simulations
on previously docked complexes of AP with AP;_,s and
Ap1-42, aiming to evaluate interaction strength, structural
stability, and isoform-specific differences.

In the prevailing study, we have subjected the molec-
ular dynamics (MD) simulation of the docking complexes
of the AP with AP peptides (AP,-4, APi-p5) using various
computational approaches in our previous paper.!® Be-
sides, we analyzed the features of the sequences and func-
tional annotations of the amyloid beta-peptide sequence
in the primer structure of the APP. This study highlights
the relatively unexplored interaction between aggregation
and the AP analysis over the MD simulation. The former
docking analysis identified this interaction, and the out-
comes were confirmed with MD simulations. This exten-
sive study uses the predicted structure of FAM222A pro-
tein to stimulate the interaction, which stays profoundly
stable through the MD analysis.

Aggregatin protein facilitates Ap aggregation
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Figure 1: Schematic representation of the proposed role of Aggregatin (AP) in facilitating AP peptide aggregation. The illustration shows AP local-
ized at the cell membrane, where its interaction with extracellular Ap peptides (AB:-2s and AP;-4,) may promote B-sheet conversion and nucleation.
The diagram highlights the N-terminal AP binding domain of AP and its potential scaffolding function in amyloid plaque formation, as suggested
by MD simulations and prior localization studies. AP: Aggregatin protein, AB: Amyloid-beta peptide, MD: molecular dynamics.
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2. Materials and Methods

2. 1. Protein and Peptide Preparation for
Molecular Docking Simulations

Although our previous study'? presents the full pipe-
line in detail, for clarity and continuity we briefly summa-
rize the approach here. The AP structure (encoded by FA-
M222A) was modeled via homology modeling due to the
absence of a crystallized structure. Secondary structure
prediction was first performed using PSIPRED!?, followed
by tertiary structure generation using the Robetta server.!?
Energy minimization of the AP and A peptide structures
was carried out using UCSF Chimera with 1000 steepest
descent steps followed by 100 conjugate gradient steps,
employing the default AMBER force field within Chimera.
The aim was to relieve steric clashes and optimize geome-
try prior to docking. AP peptides (1AMB for AP;-»s and
1IYT for APi-4.) were retrieved from the RCSB Protein
Data Bank and prepared similarly. Moreover, the AP pep-
tides were initially evaluated using PSIPRED to predict
their secondary structural tendencies. Consistent with pri-
or findings in AD research, both AB; »s and AP;-4, showed
B-sheet-dominant secondary structures in the prediction
stage. These predicted conformations were then used to
model the 3D structures, which allowed us to simulate a
physiologically relevant aggregation-prone state, rather
than the native a-helical monomeric form. Our objective
was to capture interaction dynamics under conditions that
closely mimic the pathological B-sheet transition known
to precede fibril formation. Docking was subsequently car-
ried out using HADDOCK 2.4, and selected top-ranked
poses were further subjected to all-atom MD simulations
using Desmond.

For the preparation of docking process, we removed
the water, added the polar hydrogen to the model protein.
Then, we charged the model protein and the peptides by
the computation of Gasteiger using AutoDock Vina.!® Pri-
or to performing the docking process, the energy minimi-
zation and refinement of 3D model protein structure was
performed using underwent energy minimization by Chi-
mera 1.14.16

2. 2. Protein-Peptide Docking Process

All protein-peptide interaction clusters were ob-
tained in the last stage by automatizing HADDOCK 2.4.4
By default, HADDOCK 2.4 executes the cluster and model
analysis. This model was evaluated based on the HAD-
DOCK score and Z-score, with 0.6 as the cutoff and 4 as
the minimum cluster size. HADDOCK's scoring function
integrates energies and buried surface area for different
docking stages: rigid body (it0), semi-flexible refinement
(it1), and explicit solvent refinement (water).!* The z-score
accurately indicates the number of standard deviations
that distinguish the HADDOCK score of a specific cluster
from the mean of all clusters.!*1” The complexes were,

therefore, ranked based on the average HADDOCK score
and Z-score. In the submission to HADDOCK, the pro-
line-riched region in the AP protein and the N-terminal
region of AP peptides were prioritized as active residues,
causing the docking results more reliable. The proline-rich
region of AP (residues 147-299) was selected based on our
previous study identifying its surface exposure and se-
quence flexibility. Moreover, literature suggests that pro-
line-rich domains are inv olved in protein—protein interac-
tions, especially in neurodegenerative diseases.!® The
N-terminal residues of AP, s were prioritized based on
previous experimental findings showing that this region
mediates aggregation propensity and initiates early inter-
actions during fibril formation.>!® Therefore, active resi-
dues were chosen based on both structural features and
biological relevance.The grid box was automatically ar-
ranged to cover these residues, assuring they were entirely
covered. The process of automatically placing passive resi-
dues around the active ones has been defined. The mini-
mum relative solvent accessibility (RSA) for active residues
is confidently set at 15%, whereas passive surface neigh-
bors maintain a minimum RSA of 40%. HADDOCK 2.4
conducted a cluster and model analysis with the default
settings. The force constant for the center of mass contact
and surface contact restraints was set to one for distance
restraints. Random exclusion had two sections, and the
gyration radius was 17.78. The sample parameters were
fine-tuned by utilizing 1000 configurations for rigid body
docking, followed by five rounds of rigid body minimiza-
tion, and 200 configurations were further refined in a
semi-flexible manner. 200 models were utilized for the fi-
nal stages of refinement and evaluation. The docking out-
comes were clustered using the Fraction of Common Con-
tacts (FCC) method, applying a root mean square deviation
(RMSD) threshold of 0.6 and a minimum cluster size of 4.
Regarding analysis parameters, hydrogen bonds were de-
fined with a distance cutoff of 3.5 A between proton do-
nors and acceptors, while hydrophobic interactions be-
tween carbon atoms were characterized using a 3.9 A
cutoff. Clusters with lower Z-scores indicated higher con-
fidence in the docking results. For docking pose selection,
HADDOCK-generated clusters were ranked based on
HADDOCK score, cluster size, and Z-score. Only poses
from top-ranked clusters (Z-score<-1.5, cluster size>4)
were considered. Among these, representative structures
were selected for MD simulations based on their buried
surface area and electrostatic complementarity. In total, six
distinct complexes covering diverse interaction orienta-
tions were chosen for further analysis.

2. 3. Molecular Dynamics (MD) Simulations

To assess the structural stability and confirm the
static interactions between AP and A5 1-42) peptides,
MD simulations were implemented using the Desmond
Software.?’ The dynamic behavior of protein-peptide in-
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teractions was explored at an atomic level. The pro-
tein-peptide complexes were placed in a solvated box con-
taining water and sodium ions (Na+) to neutralize the
system. Specifically, the Aggregatin-Ap;-4, complex com-
prised ~6,600 atoms (452 residues) before solvation, in-
creasing to 52,557 atoms after addition of 15,075 SPC wa-
ter molecules and 99 counter-ions (57 CI-, 42 Na®*). The
Aggregatin-AB,—»s complex similarly comprised ~6,600
atoms before solvation, increasing to 59,663 atoms after
addition of 17,502 waters and 113 counter-ions (64 CI-, 49
Na*). A Simple Point Charge (SPC) water model was ap-
plied, with the box dimensions set at 10 A x 10 A x 10 A.
The SPC water model was chosen for its compatibility with
the OPLS3e force field implemented in the Desmond soft-
ware suite, as well as its computational efficiency in large-
scale protein—peptide simulations. Previous MD studies
on similar peptide aggregation systems have successfully
employed SPC, showing reliable structural dynamics.?! Al-
though TIP3P and TIP4P are more frequently used in
studies focusing on detailed hydrogen bonding and solva-
tion effects, SPC remains a widely accepted model in sce-
narios where computational performance is prioritized.
We acknowledge that water model selection can influence
protein-water hydrogen bonding patterns, dielectric prop-
erties, and peptide flexibility. As a future direction, we plan
to perform comparative simulations using TIP3P to vali-
date that the key interaction trends and overall structural
stability of AP-Ap complexes are conserved regardless of
the water model applied. Energy minimization was
achieved using the steepest descent method for 2000 steps,
applying a threshold of 1.0 kcal/mol/A. Simulations were
conducted under NPT conditions at 300 K and 1 bar, reg-
ulated by the Martyna-Tobias-Kleina barostat and
Nosé-Hoover thermostat algorithms.?>~2* Each simulation
ran for 100 ns, with periodic boundary conditions applied.
A 2 femtosecond (fs) timestep was employed throughout
all simulations, which is a standard value for all-atom bio-
molecular dynamics with the OPLS3e force field. Although
each simulation was limited to 100 ns, we emphasize that
multiple docking poses were simulated independently
across both AP;-,s and AP,-4, peptides. These simulations
explored different initial binding configurations of the
same AP protein, thereby offering a comparative view
across structurally distinct complexes. While longer tra-
jectories (e.g., 500 ns) could offer further insights into rare
conformational transitions, the current approach enables
effective assessment of structural stability and relative
binding trends across multiple replicates. Future work may
investigate extended trajectories for one representative
system to confirm long-term behavior. For van der Waals
interactions, a 9 A cutoff was employed, while electrostatic
interactions were handled using the Particle Mesh Ewald
(PME) method with a tolerance of 10A-9. The OPLS3e
force field was utilized throughout the simulations.?*> Met-
rics from the MD simulations, including RMSD and root-
mean-square fluctuation (RMSF), were calculated using

the Simulation Interaction Diagram (SID) and prime soft-
ware from the Maestro-Suite. These tools evaluate how the
overall structure (RMSD) and individual residues (RMSF)
evolve over the 100 ns simulation by comparing each
frame with the initial structure. Finally, the dynamic prop-
erties of protein-peptide interactions were also analyzed at
an atomic level to gain further insight into their interac-
tion patterns.

3. Results and Discussion

It has been stated that AP facilitates AP aggregation
by physically interacting with A and thus accumulates at
a high rate in the center of amyloid plaques. Since reducing
AP accumulation is seen as a therapeutic approach to pre-
venting the progression of AD, it is imperative to reveal the
interaction between AP and A peptides.?® In the current
paper, MD simulations were performed on the structures
of AB1.28,1.42) peptide and AP for 100 ns, and we detected
stabilization at the atomic level.

3. 1. Evaluation of Amyloid-Beta Protein
Structure

In Figure 2, the joint regions and sequence features
of protein residues of AP;,s (PDB:1AMB) and AP, .4,
(PDB:1IYT) obtained from Uniport were shown by
Jalview 2.12 visualization.?” The APP was used as a refer-
ence to determine the amyloid sequence features. 676,
681, 684, 695, 704, and 706 residue numbers represent
mutagenesis sites, which are crucial for understanding the
impact of mutations on protein structure and function. It
shows 672, 673, 688, 691, 704, 706, 712, 713 site types,
which are important for identifying the specific charac-
teristics of each site. The residue range 695 and 722 has
been determined as the region of interest. Residues 677-
680 and 695-698 represent rotation in the secondary
structure; Residues 683-685, 688-691, 701-703, 707-712
represent the strand in the secondary structure, and 675-
675, 713-715 represent the helix in the secondary struc-
ture. Residues 18-701 indicate the topological domain in
the extracellular area, 702-722 indicate the transmem-
brane region, residues 677, 681, 684, and 685 indicate the
metal ion-binding region, and 681 indicate the glycosyla-
tion region (as shown in Tablo 1). Two regions of AP,
K16-E22 residues (represented here, K687-E693) and
K28-G38 (K699-V709), form hydrophobic pockets with
hydropathy characteristics. These regions are likely to in-
teract hydrophobically with AP.

3. 2. Assessment of Molecular Dynamics
Outcomes

RMSD analysis reveals the structural deviations of
entire protein molecules over time. The RMSF plot
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Figure 2: Visualization of key sequence features of the APP (UniProt ID: P05067), highlighting residue annotations derived from AB;_,s (PDB:
1AMB) and AP;_s, (PDB: 1IYT). The displayed region includes known cleavage sites, mutagenesis hotspots, secondary structure elements, and
metal-binding residues. The APP sequence was used as a reference for alignment, and only the common residues among APP, AB;_,s, and AP, _4, are
shown. Color coding reflects annotated structural or functional features. APP: amyloid-beta precursor protein, Ap: Amyloid-beta peptide, PDB:
protein data bank

Table 1: A list of sequence features (the range of 672-713) for amyloid-beta precursor protein was retrieved from Uniprot database 28 using Jalview
2.12.

Sequence Feature Details (672-713)

Type Description Residue no.
Mutagenesis site Arg676Gly 60-70% zinc-induced amyloid-beta protein 28 aggregation 676
Tyr681Phe 60-70% zinc-induced amyloid-beta protein 28 aggregation 681
His684Arg Only 23% zinc-induced amyloid-beta protein 28 aggregation 684
Val695Cys Causes formation of an artefactual disulfide bond with PSEN1. 695
Gly704Val Reduced protein oxidation. No hippocampal neuron toxicity 704
Met706Leu Reduced lipid peroxidation inhibition. Met706Val No free radical production. 706
No hippocampal neuron
Site Cleavage; by beta-secretase 671-672, 672
Cleavage; by caspase-6; when associated with variant 670-N-L-671 673
Cleavage; by alpha-secretase(687-688) 688
Cleavage; by theta-secretase(690-691) 691
Implicated in free radical propagation 704
Susceptible to oxidation 706
Cleavage; by gamma-secretase; site 1(712-713) 712
Cleavage; by gamma-secretase; site 2(713-714) 713
Region of Interest Interaction with PSEN1 695-722
Turn Secondary structures 677-680
695-698
Strand Secondary structures 683-685
688-691
701-703
707-712
Topological Domain Extracellular region 18-701
Transmembrane Region Helical 702-722
Helix Secondary structures 675-675
713-715
Metal ion-Binding site  Copper or zinc 2 677
681
684
685
Glycosylation site O-linked (HexNAc...) tyrosine; partial 681
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quantifies the average positional deviations of individual
residues over the course of the simulation, reflecting
their local flexibility. Higher RMSF values typically cor-
respond to loop regions or solvent-exposed termini,
while lower values indicate structurally stable or buried

A»,-.

segments. In the context of protein-peptide MD simula-
tions, an RMSD range of 2-4 A is generally considered
indicative of structural stability, whereas sustained devi-
ations beyond 5 A may suggest significant conforma-
tional drift. Similarly, RMSF values under 2.0 A typically
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Figure 3: RMSD and RMSF plots illustrating the structural stability and residue-level flexibility of AP-A;—4, complexes over 100 ns MD simula-
tions. Each panel represents a distinct docking complex generated using HADDOCK, labeled as FREEDOCKI1_C, IES1_A, IES6_B, etc., reflecting
different binding poses and interaction surfaces. Left panels display the RMSD of backbone atoms, indicating overall conformational drift, while
right panels show the RMSF of individual residues, highlighting flexible loop regions and stable core domains. Comparisons across docking config-
urations reveal that all complexes reached stable RMSD plateaus within the first 30-40 ns, and that the proline-rich region of AP and the central
region of Af contributed most to sustained interactions. AP: Aggregatin protein, Ap: Amyloid-beta peptide, MD: molecular dynamics, RMSD: root

mean square deviation, RMSF: root-mean-square fluctuation.
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correspond to rigid, well-structured regions, while high-
er fluctuations (above 5.0 A) are often observed in flexi-
ble loops or disordered termini. These thresholds were
used as reference points to assess the relative stability
and flexibility of the AP-AB complexes. Furthermore,
when comparing the different AP-Ap complexes, APi-2s
complexes generally exhibited lower RMSD fluctuations
(~2.5-3.5 A) and more consistent structural conver-
gence compared to APi-;» complexes, which showed
slightly higher deviations (~3.5-5.0 A). This may be at-
tributed to the additional C-terminal residues in AP;-4,
that contribute to increased flexibility and surface expo-
sure. RMSF profiles also revealed that loop regions and
termini were consistently the most dynamic in both
complexes, but the magnitude of fluctuation was more
pronounced in Ap;-4, systems. Despite these differences,
all complexes retained stable backbone conformations
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and persistent AP-AP contacts throughout the simula-
tion window.

The complex labels such as “FREEDOCKI1_C7,
“IES1_A’, and “IES6_B” refer to top-scoring docking poses
identified in our previous study'?, where both FreeDock
and HADDOCK 2.4 platforms were used to model the
AP-Ap interactions. These docking-derived poses were
selected based on HADDOCK scores, Z-scores, and clus-
ter rankings, and were carried forward into the present
study for MD simulations to assess their structural stabili-
ty and dynamic behavior. The nomenclature has been pre-
served to ensure continuity and traceability between the
docking and simulation phases.

Figure 3 displays the RMSD and RMSF graphs from
MD simulations of the potential complexes of AP and Ap;.
4 obtained from FREEDOCK and IES. The RMSD plots in
Figure 3-A, B, C, and D showed small fluctuations up to 5.4
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Figure 4: Analysis of the results of the MD simulation of complexes of AP and AP, ,s. A) AP;.,3 FREEDOCK2_A Docking Complex B) AB; s
FREEDOCK4_B Docking Complex C) AB,_,3 FREEDOCK8_C Docking Complex. AP: Aggregatin protein, AB: Amyloid-beta peptide, MD: molec-

ular dynamics.
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A, 56 A, 6.0 A, and 6.4 A, respectively, while exhibiting
relatively stable changes throughout the 100 ns simulation.
The RMSD values in Figure 3-A, B, C, and D range from 3.0
to4.2 A, 1.6t04.8 A,2.4t05.0 A, and 2.0 to 4.8 A, respec-
tively. In Figures 3-A, B, C, and D, the protein's RMSF
shows that the average fluctuation of residues ranges from
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side of secondary structural elements such as alpha helices
and beta strands (see Supplementary file 1). Similar and
relatively stable changes were observed in all complexes.

Figure 4 displays the RMSD and RMSF graphs from
MD simulations of the potential complexes of AP and AB;.
,5 obtained from FREEDOCK. The RMSD plots in Figure
4-A, B and C showed small fluctuations up to 9.0 A, 8.0 A
and 8.0 A, respectively, while exhibiting relatively stable
changes throughout the 100 ns simulation. The RMSD val-
ues in Figure 4-A, B and C range from 3.5 to 8.0 A, 3.5 to
6.5 A .and 3.5 to 7.0 A, respectively. In Figure 4-A, B and C
the protein's RMSF shows that the average fluctuation of
residues ranges from 1.0 t0 8.5 A, 1.5t0 8.5 A and 1.0 t0 9.0
A, respectively. In the RMSF plots of Figure 4-A, B and C,
fluctuations were observed in the regions outside the sec-
ondary structural elements (see Supplementary file 1).
When all complexes were evaluated, a similar and relative-
ly stable structure was not observed.

Figure 5 displays the RMSD and RMSF graphs from
MD simulations of the potential complexes of AP and
AP,_,g obtained from SOAP and IES. The RMSD plots in
Figure 5-A, B, C and D showed small fluctuations up to 8.5
A, 72 A, 72 A, and 8.5 A, respectively, while exhibiting
relatively stable changes throughout the 100 ns simulation.
The RMSD values in Figure 5-A, B, C and D range from 4.0
t07.5A,45t07.0A,3.5t06.5A,and 3.0 to 7.0 A, respec-
tively. In Figure 5-A, B, C and D, the protein's RMSF shows
that the average fluctuation of residues ranges from 1.0 to
8.5A,1.0t07.0A,1.0t08.0 A,and 1.0 to 8.0 A, respective-
ly. In the RMSF plot shown in Figure 5-A, B, C and D, fluc-
tuations were noted in areas outside the secondary struc-
tural elements, including alpha helices and beta strands
(see Supplementary file 1). Similar and relatively stable
structures were observed in complexes. Consequently,
MD results of the possible complexes between AP and Ap
suggest that AP forms a more stable structure with AB,_4,
compared to AP _yg.

Although certain trajectories reached RMSD values
as high as 8-9 A, RMSF profiles clarified that these devia-
tions primarily originated from flexible loop and terminal
regions, rather than disruption of the binding interface.
Notably, the interface residues of AP (P185, G186, N195)
and AP (H13, K16) consistently maintained low RMSF
values, reflecting conformational rigidity at the binding
site. This indicates that elevated RMSD values in some
complexes reflect localized flexibility rather than global
structural instability

HADDOCK 2.4 ranks the top clusters as the most
dependable, delivering optimal outcomes in Figure 6-A
and B. Considering the cluster scores and their standard
deviations, the highest-ranking cluster is identified by its
Z-score, where a more negative Z-score indicates signifi-
cantly higher accuracy compared to the second-ranked
cluster. When the Z-scores of different clusters vary by a
standard deviation, each cluster should be treated as a via-
ble solution for docking. Additionally, independent exper-

imental data should be used to confirm the optimal solu-
tion. In the docking complex, polar interactions are
established between residues from AP and the N-terminal
region of AB peptides. As results in the Figure 6, the
Z-score is 2.0 in the cluster of AP and Af;_,s while the
cluster of AP and APB,_4,has -2.2 in A. In the B section, the
cluster of AP and AP,_»sis —1.6 whereas the cluster of AP
(targeting to proline-riched region) and AP, _4,is-1.81in A
section.

To complement the dynamic analyses, representative
structural snapshots of the Aggregatin-Ap complexes were
generated (Figure 6). Both APi_»s and AP;-s» peptides
were observed to engage the proline-rich domain (PRD) of
AP through a network of hydrogen bonds and polar con-
tacts. In the AP-Ap;-4, complex (Figure 6A), residues H13,
K16, and L34 of AP formed stable hydrogen bonds with
G186, P185, Q205, and N195 of Aggregatin, maintaining
persistent contacts throughout the simulation. In the
AP-AP,_,s complex (Figure 6B), interactions were domi-
nated by H6, H13, and K16 of AB with P168, P235, and
S281 of Aggregatin, contributing to a more compact and
rigid binding mode. These structural observations corrob-
orate the RMSD and RMSF results, which indicated that
AP;-25 forms more stable contacts at the PRD, while Ap;_4,
exhibits a more dynamic binding pattern consistent with
its higher intrinsic flexibility.

A comparative analysis of RMSF profiles further re-
vealed distinct patterns of flexibility between the two sim-
ulated systems. In AP-Ap;-,s complexes, fluctuations were
largely confined to N-terminal loops and solvent-exposed
segments, whereas residues at the binding interface re-
mained stable with RMSF values typically between 2-4 A.
In contrast, AP-AP;_4, complexes displayed broader fluc-
tuation peaks, particularly in the C-terminal region, with
values exceeding 6 A at multiple positions. Importantly,
residues involved in persistent hydrogen bonding, such as
H13 and K16 of A and P185, G186, and N195 of Aggre-
gatin, corresponded to regions of low RMSF, underscoring
their contribution to interface stability. These results align
with the RMSD trajectories, which plateaued after 30-40
ns, indicating that local flexibility did not compromise the
global stability of the complexes.

In the Figure 7A, the measured distances between
the center of mass of AP and AP peptides (AP;-,5 and
AP,-4,) show consistent fluctuations over time, indicating
the dynamic interaction between the two molecules. The
Protein-Ligand RMSD plot demonstrates stability, with
RMSD values showing limited deviation from the initial
distance between the AP and AP peptides. The stability is
further confirmed by the RMSF plot, which shows rela-
tively low fluctuations across the protein residues, suggest-
ing that the binding interaction does not induce significant
structural changes in AP, particularly in its interaction
with both AB;_,sand AP;_4,.

In the Figure 7B, the focus on the proline-rich region
of AP in the Protein-Ligand RMSD and RMSF plots shows
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Figure 6: Structural representations of AP-Ap complexes highlighting the proline-rich domain binding interface. (A) AP (green) bound to Afi—4
(blue). (B) AP (green) bound to AP,—2s (red). In both complexes, hydrogen bonds and polar contacts at the protein—peptide interface are shown as
yellow dashed lines, with interacting residues displayed in stick representation and labeled. Key interactions involve A residues (e.g., H13, K16, L34
for AP1-a2; H6, H13, K16 for AP,-2s) forming persistent hydrogen bonds with AP residues (e.g., G186, P185, Q205, N195, P235, S281). These struc-
tural snapshots illustrate how both Ap isoforms establish stable contacts with the proline-rich domain of Aggregatin, with Ap:—»s displaying a more
compact interaction compared to the more dynamic AB;-4, complex, consistent with RMSD/RMSF analyses. AP: Aggregatin protein, AB: Amy-
loid-beta peptide, RMSD: root mean square deviation, RMSF: root-mean-square fluctuation.

similar patterns of stability, with RMSD values slightly
higher than in the general interaction analysis. The pro-
line-rich region's flexibility contributes to minor fluctua-
tions, but the overall binding remains stable. The RMSF
plot highlights some regions of higher mobility, potentially
corresponding to regions involved in flexible loop regions
of AP, but these fluctuations do not significantly impact
the global stability of the AP-AP complex. These results
suggest that AP's binding to AP peptides, particularly
within its proline-rich regions, is stable and does not in-
duce significant conformational instability. The steady
RMSD values reinforce the idea that AP can maintain its
structural integrity while interacting with amyloid-beta, a
critical factor in promoting amyloid aggregation.

To further evaluate the persistence of peptide-pro-
tein interactions, we monitored the center-of-mass (COM)
distances between AP and A isoforms over the 100 ns tra-
jectories (Figure 7). For both AP;_»s and AP;_4», the global
Aggregatin-ABp COM distances remained within 3-6 A,
confirming stable overall association (Figure 7A). Howev-
er, when focusing specifically on the proline-rich domain
(PRD) of Aggregatin, distinct behaviors were observed be-
tween the two isoforms (Figure 7B). AP;_,s maintained a
compact and stable interaction (~5 A) throughout the tra-
jectory, whereas AP,_4, displayed larger fluctuations and
progressively drifted beyond 8 A after ~60 ns. These results
indicate that while both peptides stably associate with Ag-
gregatin, the shorter AB;-,s isoform forms a more persis-
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Figure 7: Dynamic stability of AP-Ap complexes monitored over 100 ns MD simulations. (A) Protein RMSD and RMSF plots for AP bound to
APi-2s (red) and AP;i—4 (blue). RMSD trajectories plateau after ~30 ns, indicating global structural stabilization, while RMSF peaks correspond
mainly to loop and terminal regions. (B) Center-of-mass (COM) distance analyses. Left: overall COM distances between AP and AP peptides re-
mained within 3-6 A, confirming stable association. Right: when focusing on the proline-rich domain of AP, AB;—»s maintained a compact and
stable interaction (~5 A), whereas Ap;-4, displayed larger fluctuations and drifted beyond 8 A after ~60 ns, consistent with its higher flexibility. AP:

Aggregatin protein, AP: Amyloid-beta peptide, COM: center-of-mass.

tent interface with the PRD, whereas the longer A4
peptide exhibits more dynamic binding, consistent with its
higher flexibility observed in RMSF analyses.

The reported RMSD and RMSF values provide de-
tailed insights into the structural behavior of AP-AP com-

plexes across the 100 ns simulations. RMSD trajectories
increased during the initial 20-30 ns but subsequently pla-
teaued in the 3.0-5.5 A range, indicating conformational
convergence without evidence of large-scale unfolding.
This stabilization suggests that the complexes reached
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equilibrium within the early phase of the simulations.
RMSF profiles further revealed that the largest fluctuations
were confined to terminal loop regions and solvent-ex-
posed domains, which are inherently flexible, whereas the
binding interfaces between AP and AP exhibited consist-
ently low fluctuations (typically 2-4 A). These findings
demonstrate that the interaction interfaces remained in-
tact and conformationally rigid. Notably, AB;-4, complex-
es displayed moderately higher flexibility relative to AP;-
28, which aligns with the longer peptide chain length and
its well-documented propensity for aggregation. Taken
together, these results support that the modeled AP-Ap in-
teractions maintain structural integrity under physiologi-
cal-like conditions and likely reflect biologically relevant
binding modes.

Previous experimental evidence’ has pointed to the
role of AP in facilitating A aggregation, and the MD sim-
ulations provide a mechanistic explanation for how this
might occur at the molecular level. Specifically, the strong
hydrogen bonds and salt bridges interactions between AP
and A suggest that AP may act as a scaffold that stabilizes
intermediate AP oligomers, promoting further aggrega-
tion into toxic fibrillar forms. This is particularly relevant
because it aligns with the hypothesis that early-stage AP
oligomers are more neurotoxic than mature fibrils, rein-
forcing our confidence in the validity of our research.

MD simulations offer a computational approach to
study protein-peptide interactions at an atomic level. This
report focuses on MD simulations to explore the interac-
tions between AP and AP peptides, offering insights into
binding mechanisms, stability, and potential therapeutic
implications. The goal is to identify key interaction resi-
dues, structural conformational changes, and energy pro-
files of the complex formation. As illustrated in Figure 1,
based on earlier research, persuasive evidence suggests that
the transition of AP from the a-helix to the p-sheet struc-
ture dramatically hastens the formation of aggregates.?>-3!
Our observation that AP peptides in the B-sheet form can
readily interact with the AP not only promotes but also ex-
pedites the formation of aggregates, thus emphasizing the
profound implications of our research. Interestingly, we
found that the binding energy with AP and the transformed
APy_y5 -4 (converted to B-sheet form) is higher than that
of the interaction of AP and standard AP,_,s ;_4, peptides
(see Figure 7 A and B). More notably, the Ap peptides un-
derwent a dynamic transformation from a-helix to -sheet
structure, significantly enhancing the accuracy of predict-
ing their formation with AP. This transformation process is
a key aspect of our research, demonstrating the dynamic
nature of biochemistry and neuroscience.

The in vitro studies have affirmed their presence in
the nerve cells' plasma membrane, nucleoplasm, Golgi ap-
paratus, cell junctions, Midbody ring, and mitochondria.’
Moreover, our preceding paper ascertained that AP exhib-
its a meaningful cell membrane position.!° More impor-
tantly, our analysis uncovered that AP includes a pro-

line-rich region (147-299 aa). Proline-rich proteins
(PRPs), abundant in sheep colostrum, are known for their
role in immune modulation and potential neuroprotective
benefits, particularly in neurodegenerative diseases. These
proteins have revealed potential in improving cognitive
abilities in both animal studies and patients with AD.!® Re-
garding this, we hypothesized that the results would pro-
duce superior docking scores compared to generating
NMR structures for AB,_,, and AP;_,g. In particular, sep-
arate simulation experiments were conducted with AB,_,,
and ApP,_,g in the AP proline-rich region, showing that
Ap,_4, displaces from the AP throughout the simulation
while AB,_,gis exhibited more stable behavior, as seen in
Figure 7B. This observation is consistent with the RMSD/
RMSF analyses, where the higher RMSD values in AB;_,,
trajectories reflected enhanced flexibility in loop and
C-terminal regions rather than disruption of the binding
interface. This outcome may be because exclusively the
G38 residue of AP,_,, forms hydrogen bonds with the
A175 residue of AP, while AB;_,5 interacts with AP using
multiple strong bonds, such as hydrogen and salt bridges
(see Supplementary file 2). H13, K28, Q15, and S8 of AP
(N-terminal region) through two simulations were found
to interact with charged residues in AP, forming hydrogen
bonds and salt bridges that contributed to the overall sta-
bility of the complex. Noteworthily, of these residues, H13
and K28 are capable of contacting multiple residues in the
AP, and the binding potential of residue H13 reached
100% over 100 ns. Structural representations of the com-
plexes (Figure 6) illustrate these interactions, showing that
H13, K16, and K28 of A form stable hydrogen bonds with
AP residues P185, G186, and N195, corroborating the tra-
jectory-based interaction data. Both simulation results
suggest that AP plays a significant role in promoting the
aggregation of Ap peptides. By forming stable interactions
with critical regions of AP, mainly N-terminal regions
such as residues 1-271%32, AP potentially might accelerate
the formation of amyloid fibrils. The binding of AP to
these regions may enhance the nucleation process of AB, a
critical early step in amyloid fibril formation. Plus, the res-
idues such as K16, L17, and E22 in the AP peptide were
involved in hydrophobic interactions with AP. Besides, de-
tailed residue-level interactions between AP and Ap pep-
tides were analyzed and summarized in Supplementary
File 2. Several recurrent contacts were observed, particu-
larly hydrogen bonds involving AP residues A176, A179,
N300, and N330 with Ap,_,s residues such as H6, S8, and
E3. Among these, the A176-S8 and N330-backbone inter-
actions showed high occupancy over the simulation time-
frame, persisting for more than 30% of the trajectory dura-
tion. In addition, highly persistent contacts such as AP
D252-Af H13 (100% occupancy), AP D415-Ap V12
(98.6%), and AP R323-Af E3 (72.9%) (see Supplementary
file 2) further confirm that the PRD interface remains con-
formationally stable even in trajectories with elevated
RMSD values. These residues may represent key interac-
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tion hotspots contributing to the observed stability of the
complexes and suggest localized affinity regions on the
proline-rich surface of AP.

Interestingly, the MD simulations did not reveal sig-
nificant structural destabilization or unfolding of the AP
protein upon binding to AP peptides. This indicates that
the binding event does not lead to significant conforma-
tional changes in AP, supporting the hypothesis that it may
serve as a stabilizing scaffold for AP peptides during the
aggregation process. This conformational stability is cru-
cial for AP’s role in facilitating amyloid fibril formation
because it suggests that the protein remains functional and
stable while promoting A aggregation.

The observation that only minor shifts in B-sheet re-
gions near the binding site occur upon interaction with Ap
peptides suggests that AP is structurally well-suited to ac-
commodate amyloidogenic peptides. This raises the ques-
tion of whether the protein itself could be targeted to dis-
rupt its interaction with AP, potentially inhibiting the
aggregation process at an early stage.

The findings from these MD simulations have signif-
icant implications for therapeutic strategies aimed at pre-
venting or reducing amyloid plaque formation in AD. Tar-
geting the interaction between AP and A peptides could
offer a novel therapeutic approach. Small molecules or
peptides that disrupt fundamental hydrophobic or electro-
static interactions between AP and AP could serve as po-
tential inhibitors of amyloid fibril formation.

Furthermore, the stable interaction interface identi-
fied in the MD simulations provides valuable information
for structure-based drug design. The hydrophobic pockets
and charged residues that mediate AP-AP binding could
be targeted by rationally designed inhibitors that block the
initial nucleation and aggregation steps of Ap. These in-
hibitors could reduce the formation of toxic AP oligomers,
thereby slowing the progression of AD. Regarding this,
Abdulraheem and Durdagi investigated as a first attempt
to find inhibitors targeting the AP by screening FDA-im-
proved drugs with a computer drug design approach.!!
According to their findings, the inhibitors they investigat-
ed showed significant interactions with the residues
ALA108, ARG319, GLN9, GLN14, and LEU250 of AP
with Cefpiramide, and SER245 and TYR244 of AP with
Diniprofylline, indicating that these residues are critical
for ligand binding.!! Using three different tools, we found
that among the alternative docking results, APB,_,, inter-
acted with the ARG319 residue of AP!? These findings
highlight the critical role of the ARG319 residue in ligand
binding to AP, as evidenced by the interactions of both
Cefpiramide and AP;_, with this key residue.

AP plaques and amyloid accumulations in AD pa-
tients and numerous APP transgenic mice indicate the
pressing need to understand and control the unregulated
function of AP, depending on its genetic interconnection
with Ap. In this regard, after strong evidence is clear, vari-
ous biological tests can provide valuable knowledge of the

role and therapeutic potential of the AP as a target for AD.
These tests encompass cell-compartment analysis to ex-
plore the functional results of AP or its interaction with
AB-peptide. Establishing the cellular origin of the AP will
be a significant step in forthcoming studies. This could po-
tentially open up a new avenue of hope in the fight against
AD, as it will be crucial to determining whether AP could
be a viable therapeutic target. Just as AP peptides stem
from the APP protein in the cell membrane and play a role
in aggregation and plaque formation alongside the AP
outside the cell, AP could also originate from the cell
membrane.

Interestingly, the MD simulations did not reveal sig-
nificant structural destabilization or unfolding of the AP
protein upon binding to AP peptides. This indicates that
the binding event does not lead to significant conforma-
tional changes in AP, supporting the hypothesis that it may
serve as a stabilizing scaffold for AP peptides during the
aggregation process. This conformational stability is cru-
cial for AP’s role in facilitating amyloid fibril formation
because it suggests that the protein remains functional and
stable while promoting AP aggregation.

The observation that only minor shifts in 3-sheet re-
gions near the binding site occur upon interaction with Ap
peptides suggests that AP is structurally well-suited to ac-
commodate amyloidogenic peptides. This raises the ques-
tion of whether the protein itself could be targeted to dis-
rupt its interaction with AP, potentially inhibiting the
aggregation process at an early stage.

3. 3. Limitations and Future Directions

While MD simulations provide crucial insights into
the molecular interactions between AP and AP peptides,
several challenges remain. First, longer simulation times
and more extensive system sizes could further clarify the
dynamics of amyloid fibril formation in the presence of
AP. Second, the influence of post-translational modifica-
tions (such as phosphorylation or glycosylation) on AP's
interaction with A remains fully understood and should
be addressed in future studies. Moreover, it would be es-
sential to validate the MD simulation results through ex-
perimental methods, including X-ray crystallography,
cryo-EM (cryo-electron microscopy), or nuclear magnetic
resonance (NMR), or to confirm the binding sites and in-
teraction patterns observed in silico. The other limitation
of the present study is the 100 ns duration used for each
MD simulation. While this timeframe allows for the as-
sessment of local structural stability and comparative
binding behavior across multiple docking poses, it may
not fully capture slower conformational transitions or rare
binding rearrangements. Simulations were run for several
independent AP-AB complexes based on diverse docking
poses, thereby partially addressing sampling variability.
However, future studies should consider extending simu-
lations to 500 ns or 1 ps for at least one representative com-
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plex to explore longer-timescale events. Additionally, met-
rics such as hydrogen bond lifetimes or center-of-mass
distances could be monitored to evaluate convergence and
interaction dynamics over extended periods. Finally, in vi-
vo studies are needed to assess the pathological relevance
of the AP-Ap interaction and test potential inhibitors' effi-
cacy in preventing amyloid aggregation and AD progres-
sion.

4. Conclusion

In summary, MD simulations of the interaction be-
tween AP and AP - provide compelling evidence that AP is
critical in promoting amyloid aggregation. The detailed
insights into molecular interactions and binding stability
offer a promising foundation for the development of ther-
apeutic interventions aimed at disrupting this interaction,
potentially slowing or preventing the progression of AD.
As the understanding of protein-peptide interactions in
AD pathology grows, targeting molecular modulators like
AP represents a novel and exciting approach in the search
for effective AD treatments.
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Povzetek

Alzheimerjeva bolezen, nevroloska motnja z vse vecjo razsirjenostjo po svetu, predstavlja velik izziv za medicinsko skup-
nost. Molekularni mehanizem, ki je osnova njene nevropatologije, $e vedno ni v celoti pojasnjen. Nedavne raziskave so
se osredotocile na vlogo proteina agregatin (AP), ki ga kodira gen FAM222A, pri agregaciji amiloid-beta (Ap) preko
njegove N-terminalne Af-vezavne domene. Nasa $tudija si prizadeva opredeliti mehanizme interakcije med AP in AP
(1-42 in 1-28) peptidi z uporabo molekularnih dinami¢nih (MD) simulacij na atomski ravni. Cilj je oceniti, ali AP deluje
kot stabilizacijska matrica pri agregaciji AR peptidov, potrditi rezultate molekularnega sidranja iz prej$njih raziskav ter
primerjati stabilnost in interakcijske profile razli¢nih izoform AP. AP (1-42, 1-28) peptidi so bili pretvorjeni iz a-vija¢ne
v B-listnato obliko, da bi omogocili bolj$e tvorjenje kompleksov z AP. Izbrane pozicije sidranja iz nase prej$nje raziskave
in $tiri najbolje ocenjene iz programa HADDOCK so bile vklju¢ene v MD simulacije, kar je privedlo do razmeroma sta-
bilnih kompleksov, kot kazejo konsistentni trendi RMSD/RMSE, brez vedjih strukturnih motenj. Vendar analiza proste
vezavne energije in interakcij ni bila izvedena, zato so zakljucki omejeni na opazovanja strukturne stabilnosti. Nasi
izracuni predstavljajo zanesljivo izhodi$ce za nadaljnje eksperimentalne raziskave Alzheimerjeve bolezni, usmerjene v
nacrtovanje in razvoj relevantnih interakcij med proteini in peptidi.
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