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Abstract

The aggregation of Medin is closely related to the arterial wall degeneration and
cerebrovascular dysfunction. In patients with vascular dementia or Alzheimer’s disease, the
concentration of Medin in cerebral arterioles increases, and Medin is co-localized with
vascular amyloid-B (AP) deposits. Previous study demonstrates that Medin interacts directly
with A, forming heterologous fibrils with AP and promoting AP aggregation. However, the
basic mechanism of the co-aggregation between Medin and AP remains largely elusive. Here,
we explore the interactions and conformational ensembles of ABs/Medin trimers in different
peptide environments (self-aggregation vs. co-aggregation) by performing all-atom replica
exchange molecular dynamic simulation on APs;/Medin homotrimers and APs-Medin
heterotrimer with an accumulated simulation time of 72 ps. Our results reveal that
APy, exhibits higher affinity with Medin, and AP, and Medin have similar molecular
recognition sites in self-aggregation and co-aggregation. The N-terminus of AP4 and the
C-terminus of Medin play critical roles in APs-Medin cross-talk. More importantly,
co-aggregation significantly changes the interaction strength, binding patterns and structural
characteristics of A4, and Medin. Intermolecular interactions of A4, trimers are relatively
weak among three trimers, and the binding sites are concentrated between N- and N-termini,
between N- and C-termini, and between C- and C-termini of AB4,. In contrast, intermolecular
interactions of Medin trimers are the strongest, and the binding sites are widely and uniformly
distributed in Medin peptides. Intermolecular interactions of AB,, in AB4,-Medin heterotrimer
decrease compared with those of AP, trimers, only the binding of the hydrophobic core

* The paper is an English translated version of the original Chinese paper published in
Acta Physica Sinica. Please cite the paper as: PAN Wenyan, CHENG Chuanyong, NIU
Jingjing, YUAN Bing, YANG Kai, DONG Xuewei, Molecular dynamic simulation study
on co-aggregation between amyloid-g and Medin. Acta Phys. Sin., 2025, 74(15): 158701.
doi: 10.7498/aps.74.20250616


https://wulixb.iphy.ac.cn/custom/2025/12
https://doi.org/10.7498/aps.74.20250510

regions (**KLVFFA?) is retained and other regions of AP gain increase flexibility.
Two-dimensional free energy landscapes reveal distinct conformational diversities between
the homo- and heterotrimers, with the order of diversity being Medin/AB42-Medin trimers >
ABa4, trimers. The Ry of AP, trimers is smaller than those of the other two trimers, implying
that AP, trimers possess a more compact structure, whereas Medin/AB,-Medin trimers
exhibit a relatively loose conformation. The Afg, trimers possess the highest B content
whereas Medin trimers exhibit the lowest B probability. It is found that AP4-Medin
co-aggregation induces Medin to form more B-structures with longer lengths and fewer
helices, while promoting A4, to form more helices and fewer B-structures. High B-propensity
regions of Medin in heterotrimers shift towards the C-terminus of Medin, suggesting that
Medin utilizes its C-terminal 3 region as a core motif to drive its co-aggregation with APg,.
These results elucidate the detailed influences of co-aggregation on the interactions and
conformations of A, and Medin. This work provides key insights into the molecular
mechanism of AB4-Medin co-aggregation and the pathological mechanisms of cross-linking
between related diseases.
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1. Introduction

Alzheimer disease (AD) is one of the most common neurodegenerative diseases affecting
millions of people worldwide™?. One of its pathological features is the deposition of amyloid
fibrils produced by the misfolding and aggregation of amyloid-B protein (AP) in the brain.
There are many subtypes of AP peptides, the most common of which are AP and APsp.
Compared with ABs, AP4, has stronger aggregation ability and neurotoxicity®®. In recent
years, the role of A in the pathogenesis of AD has been gradually revealed, especially in the
mechanism of AP forming amyloid plaques and causing nerve cell damage!®”. Medin, as a
common amyloid protein, widely exists in the vascular system and is closely related to aortic
medial amyloidosis (AMA)® . Although specific amyloid lesions are usually caused by one
type of amyloid protein, in actual cases?*¥, different types of amyloid proteins may coexist

in the same tissue or organt**7]

. This phenomenon of amyloid deposition may lead to
multiple amyloidosis diseases, which not only increases the risk of complications, but also
makes the disease more serious!*®*%. Studies have shown that Medin can directly interact with
AP to promote AP aggregation and heterogenous fibril formation, and the cross-talk between
Medin and AP may play a key role in the pathogenesis of AD and Vascular dementia (VaD)®?"!,
Therefore, it is of great significance to further study the interaction between A4, and Medin
and its role in related amyloidosis, which is the focus of current research in related fields. By
combining molecular dynamic (MD) simulations and various experimental methods,
researchers have carried out a large number of studies on Medin and its related proteins,
including the mechanism of Medin produced by MfgE8 cleavage, the three-dimensional
structure of supramolecular assemblies formed by Medingss-derived peptides, the structural
and mechanistic differences between wild type Medin and its D25N mutant fibril formation,
the conformational transition of Medin monomer and potential fibrillation mechanism, Medin

folding and dimerization® 2!

. However, the microscopic mechanism of Medin and AP
co-aggregation at the atomic level and the conformational transition of intrinsically disordered

Medin and AP in aggregation are still not fully understood.

MD simulation is based on classical mechanics and statistical thermodynamics to describe the
microstate evolution of a system. It is an important and powerful theoretical tool to study the
dynamic behavior of biological macromolecules such as proteins and phospholipids at the
atomic/molecular level. It is widely used to study protein-protein, protein-phospholipid
interactions and various biological processes related to protein/cell membranes®?’ =", Due to
the rapid aggregation of amyloid peptide and the dynamic variation of oligomer conformation,
it is challenging to characterize the transient conformation of peptide oligomer by
experimental means. MD simulation can provide an important supplement to experimental
information, give the conformational characteristics of amyloid peptide oligomers at the



atomic scale of space-time resolution, and then reveal the microscopic mechanism of amyloid
peptide assembly at the molecular level®*2. However, traditional MD simulations tend to fall
into the local energy minimum state, which makes it difficult to sample the entire
conformational space of complex protein systems in an acceptable simulation timel®.
Therefore, based on MD, a variety of computational simulation methods with enhanced
sampling have been developed, including replica exchange molecular dynamic (REMD)®4,
accelerated molecular dynamic (AMD)™! and umbrella sampling®. The REMD simulation
method was originally proposed by Sugita and Okamoto™! in studies related to biomolecules.
By combining MD simulations with Monte Carlo algorithms, REMD can easily overcome
high energy barriers and fully sample the protein conformational space over a wider range,
thus efficiently exploring the free energy landscape of protein aggregates'®*l. REMD has been
widely used to study the conformational distribution®® % of amyloid peptides and theirs
fragments, the regulation of peptide conformation by mutation/post-translational

nl40.41]

modificatio , and the interaction'?*¥ between peptides and small molecules/cell

membranes/carbon nanotubes.

In this study, extensive all-atom REMD simulations were used to study the conformational
ensembles and interaction details of homogeneous and heterogeneous A4, and Medin trimers.
By analyzing the peptide-peptide interaction, the residue-residue contact number, the
two-dimensional conformational free energy landscape, and the secondary structure, our
results demonstrate in detail the significant effects of APs,, — Medin co-aggregation on the
interaction strength and pattern between Aps and Medin, as well as their structural
characteristics at the atomic level, providing useful insights into the microscopic mechanism
of AB,4, — Medin co-aggregation and the pathological mechanism of cross-correlation between
different diseases.

2. Model and method
2.1 Simulation system: AB4,/Medin homotrimer and AB4, — Medin heterotrimer

As a first step to understand the microscopic mechanism of the co-aggregation of AB4, and
Medin, we performed extensive all-atom REMD simulations to investigate the structural
characteristics and physical interaction details of AB4, and Medin co-aggregate at the atomic
level. We built three simulation systems: AP, homotrimer (labeled A-A"™"), Medin
homotrimer (M-M"™™") and A4, -Medin heterotrimer (A-M"™). The ABs, and Medin
proteins consist of 42 and 50 amino acid residues, respectively, and their sequences are: 1)
APy NH§“-1DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA42-COO‘; 2)
Medin: NHZ -1RLDKQGNFNAWVAGSYGNDQWLQVDLGSSKEVTGIITQGARNFGSVQ
FVA*-COO". To mimic the neutral pH condition in experiments, Lys (Lys"), Arg (Arg"), Asp
(Asp), Glu (Glu’) and N-terminus/C-terminus (NHZ, COO") of both peptides were all
charged. A single AP, chain were taken from the fibril structure (PDB ID: 50QV)™ resolved



by cryo-electron microscopy to use as the AP, monomer and the Medin monomer was
predicted by AlphaFold“® online server. Then high-temperature MD simulations (at 500 K) of
AB4, and Medin monomers were performed to yield a series of monomer conformations with
high structural diversity (shown in Figure S1 and Figure S2 of the Supplementary Material
(online)). In order to avoid the influence of the initial structures of peptides on the simulation
results and traverse the monomer conformation space as much as possible, we randomly
selected 36 monomer conformations of APs and Medin from their high-temperature
conformation ensembles (as shown in Figure S1 (B) and Figure S2 (B) of the Supplementary
Material (online)), ensuring that these conformations have a rich degree of collapse (R, covers
the whole range, including Ry large, medium and small conformations), and are dominated by
disordered secondary structures. The time points corresponding to all the selected monomer
conformations are listed in Supplementary Material Table S1 and Table S2 (online). Then, the
gmx insert-molecules program and VMD software®” were used to construct 12 Ay, trimers
and Medin trimers by placing monomers in different orientations (as shown in Figure S3 (a)
and Figure S3 (B) of the supplementary material (online)). 12 AB4,-Medin heterotrimers (ABa.:
Medin = 2:1, as shown in Figure S3 (C) of the Supplementary Material (online)) were built by
replacing an AP in the 12 AP, trimers with Medin. In all trimers, the minimum
monomer-to-monomer distance is greater than 0.6 nm, thus excluding initial artificial contact
between the peptide chains. We used these A4y, Medin, and ABs-Medin trimer structures (12
for each) as the initial conformations for REMD simulations.

2.2 Simulation method

In this study, MD and REMD simulations were performed using GROMACS 2020.3 software
package™® combined with Amber99SB-ILDN force field***” and TIP3P water model. Force
field development aims to reproduce the properties of folded proteins consistent with
experiments by optimizing force field parameters®. Traditional force fields such as
Amber99SB-ILDN and CHARMM27 are widely used in MD/REMD simulations of amyloid
proteins and their fragments, which can well describe the conformation and interaction of
peptides, and the chemical shifts calculated from the simulation data are in good agreement
with the experimental results of nuclear magnetic resonance (NMR)I“*2%4 Nevertheless,
early all-atom force fields tend to underestimate the radius of gyration (Rg) of proteins and
overestimate the fraction of ordered secondary structures®™. In order to alleviate the problem
of over-compact conformation of disordered proteins, researchers have developed a series of
new force fields and optimized water models by strengthening protein-water interactions and
maintaining water-water and protein-protein interactions, such as Amber03ws"",
CHARMM36m™ and TIP4P-DP®. Interestingly, Zerze et al.*” showed that the ability of the
improved force field to assess protein compactness was independent of the accuracy of the
propensity prediction of local secondary structures, indicating that the existing force field still
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needs further improvement.

In all simulations, ABs/Medin monomers and ABs/Medin/AB4, -Medin trimers were placed
in the center of the box (ABs, monomer: 8.25 nm x8.25 nm %8.25 nm, Medin monomer: 8.35
nm = 8.35 nm>8.35 nm, trimer: 7.6 nm x<7.6 nmx 7.6 nm) with no interaction between the
peptides and the mirror image. The box was filled with TIP3P water molecules, and Na* and
Cl ions were added to neutralize the system and maintain a physiological salt concentration
(0. 15 mol/L).

In high-temperature MD simulations, electrostatic interactions were treated with the Particle
Mesh Ewald method (PME)®® with a real space cutoff of 1.2 nm, and the van der Waals
interactions were calculated using a cutoff of 1.2 nm. After energy optimization and
equilibration, the initial velocities of the system were assigned according to the
Maxwell-Boltzman velocity distribution.

The protein and non-protein groups were separately coupled to an external heat bath at 500 K
with a coupling constant of 0.1 ps using a velocity rescaling method™!. The pressure was kept
at 1 bar using the Parrinello-Rahman method ! with a coupling time constant of 1.0 ps. The
high temperature MD simulation time was 13 ns for ABs; monomer and 80 ns for Medin
monomer.In REMD simulations, N replicas of the same system are simulated in parallel using
MD simulations at different temperatures. Swapping between adjacent replicas is periodically
attempted with a probability given by the Metropolis criterion. This method generates a
generalized ensemble of the simulated system®3. The conformations of peptides at low
temperature have a certain probability to exchange to high temperature in REMD simulations,
which accelerates the conformational transition of peptides, thus effectively avoiding the
situation of peptide conformations trapping in the local potential well at low temperature. In
our REMD simulations, A-A™™" M-M""™"and A-M"™" systems each contain 48 replicas,
temperatures exponentially distributed from 308.18 K to 404.32 K (see Table S3 — Table S5
(online) for the temperature list). The REMD simulations were performed under the NPT
ensemble with 500 ns simulation time per replica. Replica exchange was attempted every 2 ps
and the average exchange rate of the three systems is larger than 20%. Periodic boundary
conditions were applied in all simulations All-bond lengths were constrained using the
SETTLE method ® for water molecules and LINCS algorithm!®? for proteins, allowing an
integration time step of 2 fs. Electrostatic interactions were treated using the PME
method®®® with a real space cutoff of 1.2 nm. The van der Waals interactions were calculated
using a cutoff of 1.2 nm. Protein and non-protein (water and ions) groups were separately
coupled to an external heat bath with a coupling constant of 0.1 ps using the V-rescale
method™). The pressure was kept at 1 bar using the Parrinello-Rahman method® with a

coupling time constant of 1.0 ps.

2.3 Analytical method
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All calculations and analyses were performed using our in-house developed codes and tools
implemented in GROMACS software. Peptide secondary structure was identified by DSSP
(define secondary structure of protein) program!®®l. Cluster analysis was performed using the
Daura method!®, and the corresponding cutoff of C,-root mean square deviation (C,-RMSD)
was set to 0.30 nm. The interaction between peptides or amino acids is estimated by the
contact probability. The criterion for contact is that the minimum carbon-carbon distance
between residues is less than 0.54 nm, or the minimum distance between other non-hydrogen
atoms is less than 0.46 nm % \When the distance between N atom and O atom is less
than 0.35 nm and the N — H - - -O angle is greater than 150 < H-bond is considered to be
formed. The number of strands involved in the formation of a B-sheet is defined as the -sheet
size, and the number of residues continuously forming a fB-strand is defined as the B-sheet
length. Trajectory visualization and peptide structure representation were performed using
VMD¥" and PyMOL "% softwares.

3. Simulation results and discussion

Prior to data analysis, we checked the convergence of REMD simulations by calculating the
time evolution of replica humber at 310 K and comparing several quantities within two
different time intervals (see Supplementary Material Figure S4 — Figure S6 (online)). The
results show that at 310 K, all replicas in three systems can uniformly traverse the
conformational ensembles of both AB4, and Medin in the time range from 0 to 500 ns, and the
simulation data from the two time periods (300-400 ns and 400-500 ns) coincide well in terms
of the probability density function (PDF) of total hydrogen bond (H-bond) and contact
number of peptides and

the probability of total hydrogen bond (H-bond) number, Rg and contact number of peptide
trimers and the probability of each type of secondary structure, demonstrating that REMD
simulations are nicely converged after 300 ns. Thus, all the results presented below are based
on simulation data generated in the last 200 ns trajectories.

3.1 The AP, has a higher affinity for Medin and co-aggregation alters the way the
Ap,, interacts with Medin

Firstly, the physical interactions in ABs, Medin and ABs,/Medin trimer systems and the
affinity (Fig. 1) between A4 and Medin were examined. According to the PDF of the
number of contacts and hydrogen bonds of the peptide trimer (Fig. 1(a),Fig. 1(b)), we found
that the interaction of Medin trimer was the strongest, followed by AB4-Medin
co-aggregation system, and the interaction of AP, trimer was the weakest. Meanwhile, the
ability of AB4,-Medin to form hydrogen bonds with A, trimers is weaker than that of Medin
trimers. In the AP4,-Medin heterotrimer, there exists both the interactions between A4, and
A4, and between Medin and Medin, and the binding between A4, and Medin is significantly
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higher than that of AP, itself (Fig. 1(c),Fig. 1(d), dark blue vs. green). In addition, the
APB4s2-APg, interaction was lower in heterotrimers than in homotrimers (Fig. 1(c),Fig. 1(d),
dark blue vs. light blue). These results suggest that the affinity between AP, and Medin is
higher when A4, and Medin co-aggregate, and A, prefers to interact with Medin rather than
self-aggregate.
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Figure 1. Analysis of interactions in AB4/Medin homotrimers and AP4,-Medin heterotrimer:
(@), (b) Probability density function (PDF) of (a) contact number and (b) hydrogen-bond
(H-bond) number of peptides in three systems; (c), (d) PDF of (c) contact number and (d)
H-bond number between APy, and APy, as well as between APs, and Medin in A-A"™" and
A-M"™" systems; (e)—(h) 2D residue-residue contact maps of intermolecular interactions for
(€) ABs-APs in A-A"™ () APs-ABs in A-M™™ (g) Medin-Medin in M-M"™" and (h)
ABs-Medin in A-M"™" (i)—(k) representative snapshots illustrate the binding regions
between AB, and Medin in A-M"™" system.

In order to further explore the interaction mode and binding "hot spot” region between
APBsand  Medin during self-aggregation and co-aggregation, we calculated the
residue-residue contact number map (Fig. 1(e) —(h)) between peptide molecules. In the



homotrimer, the number of residue contacts between A4, molecules is large, and the residue
binding sites are concentrated between N-N terminus, N-C terminus and C-C terminus of APy,
in which the hydrophobic contacts between Y10-V12, H6-Q15, F19-K28, F19-132 and
L34-L17 residue pairs are dominant (Fig. 1(e)). The representative structural snapshot in
Figure S7 (a) (online) of the Supplementary Material shows the contact interaction of heavy
atoms between F19-K28 and Y10-V12 residue pairs of APs. In contrast, in ABs,-Medin
heterotrimer, the interaction strength and binding region between A4, molecules are
significantly reduced. Interestingly, the interaction between the'°*KLVFFA? region in the
middle of the AP4, peptide is instead enhanced (Fig. 1(f), see Supplementary Material Figure
S7 (b) for contact details between L17-F20 and F20-F20 (online)).""LVFFA?! has been proved
to be the hydrophobic core region of A4, and efficient hydrophobic core stacking is essential
for AP aggregation®*®). Our results indicate that the presence of Medin significantly changes
the interaction mode between AP4, molecules, resulting in that A, only maintains the
contact between hydrophobic cores but exhibits a higher degree of freedom in other regions,
resulting in that AB4, has the possibility of binding to Medin on the premise of ensuring its
own aggregation ability. For the Medin homotrimer, the binding of Medin molecules is widely
and uniformly distributed (except for the low number of contacts between D25-A40 and
R1-S15), especially the contacts between hydrophobic and aromatic residue pairs such as
K4-W11, F8-W11, W11-Y16, Y16-Y16 and W21-F48 are very strong (Fig. 1(g)), indicating
that Medin molecules form a compact aggregation core through strong hydrophobic and ©-n
stacking interactions between amino acid side chains. Figure S7 (c) (online) of the
Supplementary Material shows the n-n stacking interaction between aromatic amino acids
containing benzene rings (F8 - W11 and W21 - F48). Through the residue-residue contact
number map and the analysis of the binding sites between AB;/Medin and each other (that is,
the total number of contacts between Medin and each residue in AP, and the total number of
contacts between AB4, and each residue in Medin), we found that the binding sites between
AP4 and Medin were also abundant, basically throughout the whole peptide chain, in which
the N-terminal of AB4, was connected with the N-terminal of Medin, and the N-terminus of
AP

and the C-terminus of Medin, as well as the C-terminus of AB,, and the C-terminus of Medin
are relatively strong. This indicates that the N-terminus of AB,, and the C-terminus of Medin
play an important role in the cross-interaction between AB,, and Medin (Figure 1(h),
Supplementary Material Fig S8(a), Fig S8(b) (online). Structural snapshots in Fig.
1(i) —(Kk) highlight the binding of different regions between Af,, and Medin, which are
NAP — NMedin NP cMedin and CAP — CM™". The binding sites between AB/Medin and
each other through hydrogen bonding and hydrophobic interactions were further analyzed,
that is, the number of hydrogen bonds and hydrophobic contacts between Medin and each
residue in AP, and the number of hydrogen bonds and hydrophilic contacts between
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AP4, and each residue in Medin (as shown in Figure S8 (c)- (f) of the Supplementary Material
(online)). As can be seen from Figure S8 (c)- (f) (online) of the Supplementary Material, the
hydrogen bonding and hydrophobic binding sites of Medin on A4, tend to be concentrated on
the N-terminal of Afg4,, While those of AP, on Medin are distributed in the N-terminal and
C-terminal regions of Medin, which reconfirms the key role of the N-terminal of AB,, and the
C-terminal of Medin. In particular, Q15*P-W21Me"  Q154F-F4gMedin  F19~PFg3Medin
F20*P-wa1Medn E22AP R41MIN and 1314P-W11M*" are the residue pairs with strong binding
between A, and Medin (see Figure S7 (d) (online) of Supplementary Material for the
binding between Fig. 1(h), F19-F43 and 131-W11). Medin forms obvious hydrogen bonds and
hydrophobic interactions with A2/F4/H6/E11/H14/Q15 and F4/Y10/H13/F19/F20 of APy,
respectively, while the number of hydrogen bonds and hydrophobic contacts between
ABg and W11/E31/135/136/G39/R41 and F8/W11/Y16/W21/F43/F48 of Medin is higher
(Supplementary Material Figure S8 (c) — (f) (online)). These results indicate that the binding
between A4, and Medin is dependent on hydrogen bonding, hydrophobic and n-m stacking
interactions.

More importantly, we found that F19*" and W11"*""/F48M*4" also play an important role in
ABg and Medin homotrimer, indicating that ABs; and Medin have the same molecular
recognition sites or regions in both self-aggregation and co-aggregation. Finally, we analyzed
the intramolecular interactions of the peptides in three systems. Through the intra-chain
residue-residue contact number map of APgand Medin in different systems (see
Supplementary Material Figure S9 (online)), we found that the intra-chain interaction of
A4 in heterotrimer showed an increase in the contact number of C-terminus and a decrease
in the contact number of N-terminus compared with homotrimer systems (see Supplementary
Material Figure S9 (a)- (c) (online)). Similarly, Medin peptides in heterotrimer system exhibit
intrachain residue-residue interactions that are different from those in homotrimer systems
(see Supplementary Material, Figure S9 (d)- (f) (online)). These results suggest that the
co-aggregation of AP, and Medin changes the interaction mode of AB,, and Medin.

3.2 Co-aggregation alters conformational characteristics of Ap4, and Medin

In order to explore the effect of co-aggregation on the conformational space of peptide trimers,
we chose the interchain contact number (inter-contact #) and the Rg of trimer as two reaction
coordinates, and constructed the two-dimensional free energy landscapes (FELS) for the three
simulation systems. As shown in Fig. 2(a), in the A-A"™ system, the ABs, homotrimer
presents only one large minimum-energy basin, while in the M-M"™" and A-M""™" systems,
the Medin homotrimer and Aps,,— Medin heterotrimer present multiple dispersed
minimum-energy basins, indicating that the conformational diversity of homotrimers formed
by A4, and Medin is different (the former is lower, while the latter is higher), and that of
heterotrimer is significantly increased. In addition, the free energy surface of the
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A4, homotrimer is at 500 <inter-contact # <1750 and 1.35 nm<Ry<1. 65 nm range, while
the free energy surface of the Medin homotrimer is located at 750 < inter-contact # <2250 and
1.45 nm=<Ry=1. 80 nm region, indicating that the interchain interaction of Medin trimer is
stronger than that of A4, system and the trimer structure is relatively loose (Fig. 1(b),Fig.
1(c)). In contrast, the free energy surface of the heterotrimer is located at the center of the two
self-aggregation systems (at 750 <tinter-contact # <2000 and 1.40 nm<Ry<1.75 nm),
implying that the interchain interaction of the co-assembly trimer is stronger than that of
AP, trimer but weaker than that of Medin trimer as well as that the structure of heterotrimer

is slightly looser than that of A4, trimer but relatively compact than Medin trimer (Fig. 2).
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Figure 2. Analysis of conformational characteristics of APs/Medin homotrimers and
AB4-Medin heterotrimer: (a) FELs as a function of intermolecular contact number and
trimeric Rgin - A-A"™" (left), M-M"™" (middle) and A-M"™ (right) systems; (b)—(d)
representative conformations for the six most-populated clusters (C1-C6) along with their
corresponding populations (marked below the corresponding representative conformations) of
(b) APy trimer, (¢) Medin trimer and (d) APs-Medin trimer. The locations of those
representative conformations are labeled on the FEL plots. AB4, and Medin are shown in
cartoon, with the N-terminal Ca atom of each chain represented by a sphere. Ap4, and Medin
peptides are colored in blue and orange, respectively.

Moreover, cluster analysis is performed in three trimer systems and the representative
conformations for the six most-populated clusters (C1 — C6) along with their corresponding
populations were displayed in Fig. 2(b) —(d). It can be seen from the Fig. 2(a) that the



peptide conformations are mainly disordered (coil accounts for the highest proportion,
followed by bend and turn structures) and contain a certain amount of ordered secondary
structures (B and helix), while the overall conformations show different degrees of
compactness (M-M"M'<A-M"M'<A-A"™" The top six clusters of APy, trimer are centered
in the major minimum-energy basin of the free energy surface, while those of Medin and
AB4s-Medin trimers are dispersed in multiple minimum-energy basins, providing evidence
again for the different diversity of the self- and co-aggregated trimer conformations.

The aggregation of soluble monomers to B-sheet-rich fibrils is a marker of amyloidosis. In
order to study the secondary structure of AP and Medin in self-aggregation and
co-aggregation, we analyzed the propensity of each type secondary structure and the
length/size of B-sheet structures of AP, Medin and AP, - Medin trimers (Fig. 3). In
APg, trimer, the probability of B structure is 16.3%, which is higher than that of the other two
trimers and higher than that of the helix structure formed by AB4, (10.0%), indicating that at
the trimer level, the ordered structure in A4 is dominated by B, and the ability of
APy, self-aggregation to form B structure is stronger than that of Medin self-aggregation and
APs-Medin co-aggregation. In Medin trimer, the proportion of B structure is 9.6%, which is
the lowest among the three trimers, while the propensity of helix structure (10.7%) is slightly
higher than that of B structure. Differently, in ABs-Medin trimer, the B fraction (13.1%) of
heterotrimer caused by co-aggregation is lower than that of AP, trimer but higher than that of
Medin trimer, while the helix fraction (10.6%) is close to that of Medin trimer and slightly
higher than that of AP, trimer. Furthermore, we calculated the probabilities of helix and
structures formed by AP4, and Medin peptides in heterotrimer, respectively, and compared
them with the corresponding homogeneous systems (Fig. 3(b),Fig. 3(c)). Our results show
that A4, has a higher probability of forming helix in AB4,-Medin trimer than in homotrimer
(Fig. 3(b), ABs, vs. ABs2), while Medin has a significantly lower probability of forming helix
than the homotrimer (Fig. 3(b), Medin * vs. Medin). In contrast, the probability of  structure
of AP, in the co-aggregation system is significantly lower than that in the self-aggregation
system (Fig. 3(c), ABs, vs. ABsz), while the B probability of Medin in co-aggregated trimers is
higher than that in self-aggregated trimers (Fig. 3(c), Medin * vs. Medin). These results
suggest that the cross-interaction of the two peptides can promote Medin to form more f
structure and reduce the appearance of helix structure, but induce A4, to form more helix
structure and reduce B structure. Additionally, by analyzing the arrangement of B structures
(interchain B-strands vs. intrachain B-strands), we found that the B structures in ABs,, Medin
and AP4,-Medin trimers were mainly formed in the intrachain arrangement, and only a small
amount of B structures exhibits the interchain arrangement (Fig. 3(d)). The probability of
interchain B structures of AP, trimer is the highest, while the probabilities of intrachain
structures of Medin and AB4-Medin trimers are much higher than that of ABg,. Interestingly,
peptide co-aggregation induces the probability of interchain J structures being lower than that



in AP, trimer but slightly higher than that in Medin trimer.
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Figure 3. Analysis of secondary structures of APs/Medin homotrimers and Aps-Medin
heterotrimer: (a) Each secondary structure probability of AB4, homotrimer, Medin homotrimer
and APs-Medin heterotrimer; (b) helix probability of ABs, and Medin in different systems:
ABs in A-A"™" system (light blue) vs. AP in A-M"™ system (*, blue) and Medin in
M-M""" system (light orange) vs. Medin in A-M""™" system (*, orange); (c) p probability of
ABg4; and Medin in different systems; (d) probability of B arrangement with interchain and
intrachain manners; (e¢) probability of B-sheet length in three systems; (f) probability of
B-sheet length of APy, in A-A"™™" and A-M"™" systems; (g) probability of p-sheet length of
Medin in M-M"™" and A-M""™" systems; (h) probability of B-sheet size in three systems.

In order to further understand the influence of different peptide environments on the B
structure, we calculated the length and size (Fig. 3(e) —(h)) of the B-sheet structure formed
by AB4, and Medin. The results show that in three systems, the [3-sheet structures of different
trimers mainly possess a length of 2-4, along with a low probability of forming a longer (5-7)
B-sheet (Fig. 3(e)). Compared with the other two trimers, Medin homotrimer exhibits a
significantly higher probability of forming B-sheets with a length of 2 and a lower probability



to form B-sheets with length of 3-5. In AB4, - Medin system, the probability of B sheets with
the length of 2 and 3-4 is higher and lower than that in homo-Ap4, system, respectively. It is
worth noting that the co-aggregation system has a higher ability to form [3-sheet structure with
longer length of 5 and 7. In particular, for AB4, peptide, the probability of forming -sheets
with the length of 2 and 5 is higher in heterotrimer than in homotrimer (Fig. 3(f), ABs, Vvs.
A42). The probability of Medin forming B-sheets with the length of 2 in heterotrimer is lower
than that in homotrimer, but the probability of longer length (3-7) in heterotrimer is
significantly higher than that in homotrimers (Fig. 3(g), Medin * vs. Medin). Representative
structural snapshots in Fig. 3(f) and Fig. 3(g) show that APs forms a longer B in
self-aggregates, while Medin forms a longer  in co-aggregates. Moreover, the analysis of
B-sheet size shows that all trimers can only form B-sheets with the size of 2 and 3. The
corresponding probabilities in AP, and ABs-Medin systems are very similar, but those in
Medin system is relatively large and small, respectively (Fig. 3(h)).

To investigate the influence of ABs, — Medin co-aggregation on the distribution of ordered
secondary structures, we calculated the probabilities of B and helix structures of each amino
acid in AB4 and Medin peptides (Fig. 4 and Supplementary Material Figure S10 (online)).
Four regions CEFR®, LVFFAZ, ®AlI® and *VVI*) of AP in homotrimer exhibit high
propensity to form [ structures, which are almost evenly distributed in the N-terminal, middle
and C-terminal domain of AP peptides (Fig. 4(a)). In heterotrimer system, the high B-prone
regions of AP4 basically remain unchanged with decreased probabilities, while the
neighboring regions (°HD’, *HHQK™ and *LMV?®) display increased probabilities of f
structures (Fig. 4(c)). The representative snapshots in Fig. 4(a) and Fig. 4(c) illustrate the
p-sheet-rich regions of AP, in AP, and ABs-Medin trimers. The overall B probabilities of
residues in homo-Medin system are low and only multiple small regions possess relatively
high B probability, such as °FNAW", YGY, “QWLQVD®, ¥KEVTGIT?,
“"RNF* and”’QFV* (Fig. 4(b)). Differently, the residue-specific p probability of Medin in
heterotrimer increased significantly and the high B propensity regions changed from uniform
distribution to be concentrated in the middle and C-terminal domains (‘KQGN’,
QWLQVDLGSS?, *ITQ%*, “RN* and “GSVQFV*) (Fig. 4(d)). Compared with AP, the
B-sheet-rich regions of Medin in both homotrimer and heterotrimer are more abundant and
dispersed, and the B-sheet structures are relatively short (representative snapshots of Medin
and AB4-Medin trimers in Fig. 4(b) and Fig. 4(d)).
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Figure 4. B-sheet probability and B-sheet formation regions of APs and Medin in
homotrimer and heterotrimer. Residue-based B probability distribution of A, and Medin
peptides respectively in (a) ABs, homotrimer/(b) Medin homotrimer and (c), (d) ABs-Medin
heterotrimer. Representative B-sheet-rich conformations of ABs, Medin and APs,-Medin
trimers are illustrated as insets in (a)—(d). AB4, and Medin peptides are shown in cartoon with
the B-sheet-rich regions highlighted in blue and orange, respectively.

Early experimental studies reported that three -strand regions exist in Medin peptide and the
“NFGSVQFV* region in C-terminus is an important aggregation and amyloidosis motif of
Medin® NFGSVQFV* itself can rapidly aggregate to fibrils™™l. Reches and Gazit et
al." observed the formation and morphology of “NFGSVQFV* fibrils by electron
microscopy, and Madine et al.l”"! utilized solid-state NMR and X-ray diffraction to identify
the cross-p characteristics and atomic details of “NFGSVPFV* fibrils. By combining Congo
red staining, ThT fluorescence, transmission electron microscopy and other experimental
methods, Westermark and co-workers™ characterized the aggregation capability and fibrillar
morphology of a series of synthetic Medin peptides (Medin constructs with different length),
and determined that the 18-19 residues located at the end of Medin sequence were the key
regions for Medin-Medin recognition and Medin aggregation. The TANGO algorithm based
on statistical mechanics predicts that three regions in the Medin sequence,
including®FGSVQFV*, have a high tendency for aggregation (the other two regions are
SENAWVAGSY™ and 32vTGHT¥)M, BBC-NMR experiment combined with ab initio protein
modeling revealed that soluble Medin monomer possesses a stable core region (consisting of
three B-strands) and a two B-strand region at the C-terminus. Moreover, MD simulations
showed that the movement and conformational changes of C-terminal domain is essential for
initiating the dimerization and subsequent aggregation of Medin®!!. By using solid state NMR
experiments, Davies et al.”® characterized the structure of Medin fibril and observed that
Medin molecules contain at least two extended B-sheet regions, which form a B-hairpin
structure induced by the D25-K30 salt bridge interaction. These results indicate that there are
several p-sheet-rich regions in Medin, Specifically, *“NFGSVQFV* has a strong aggregation
capacity and is considered as the core fragment for Medin fibrillization. Our simulation

results are consistent with the B structural characteristics of Medin determined by various



experimental methods, and indicate that the C-terminal region of Medin (especially the
NFGSVQFV* core fragment) would drive its co-aggregation with AB, by form a
[-structure as a core site, thus playing a pivotal role in the co-aggregation process. It is worth
notice that the presence of APg4, promotes the formation of B structures in the C-terminal
domain of Medin, suggesting that AP, - Medin co-aggregation may accelerate the overall
aggregation of both peptides through this mechanism and affect the balance and
interconversion between peptide oligomers and fibrils, leading to the regulation of the
cytotoxicity of amyloid aggregates.

In contrast with the B structures, the high probability regions of helix structures formed by
ABg4 and Medin in homo- or heterotrimers are relatively concentrated (see Supplementary
Material Figure S10 (online)). The N-terminal °YEVHHQ™and the C-terminal
%21GLMV* regions of AB4, in homotrimer have high probabilities of forming helix (see
Supplementary Material Figure S10 (a) (online)), while the helix probabilities of those two
regions of AP4, in heterotrimer are significantly decreased and increased, respectively (see
Supplementary Material Figure S10 (c) and Figure S10 (e) (online)). In Medin trimer, regions
with high helix propensities are relatively long and distributed in the whole peptide chain
(CGNFNAWVA®, ®DQWL? and ?KEVTGIIIQGARNFGS®) (as shown in Supplementary
Figure S10(b) (online)). Differently, in heterotrimer, the overall helix probability of Medin
decreases, except for *DQWL?* and *GI1I*® regions (as shown in Supplementary Figures
$10(d) and S10(f) (onling)).

4. Conclusion

By performing extensive all-atom REMD simulations, we investigated the conformational
ensembles of A4, and Medin homotrimers, and the influence of co-aggregation on the
physical interactions and structural properties of AB4, and Medin. Our simulation results show
that the affinity between AB4, and Medin was higher than that of homopeptides (ABa42- APBas2
and Medin-Medin), which provides the basis for the cross-interaction of the two peptides.
AB4; — Medin co-aggregation significantly changed the strength and pattern of intra- and
intermolecular interactions between AP4, and Medin. AB4, - AB4, interactions in homotrimer
are the weakest and the binding sites are concentrated between N-N, N-C and C-C terminal
domains, while the Medin - Medin interactions in homotrimer are the strongest and the
binding sites disperse widely and evenly in the whole peptide chain.

Differently, in ABs-Medin heterotrimer, AP - APs interactions decrease and only the
binding between hydrophobic regions (**KLVFFA®) is retained, resulting in that
A4, possesses the capability of binding with Medin on the premise of ensuring its own
aggregation. AP, and Medin exhibit similar molecular recognition sites or regions in both
self- aggregation and co-aggregation process. The binding sites between Af4, and Medin are

abundant, especially between N-terminus®® and  N-terminus™*®"  N-terminus™® and
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C-terminus™®®™ and C-terminal*® and C-term™®d"

, indicating that the N-terminus of A, and
the C-terminus of Medin play important roles in the cross-aggregation of A4, and Medin.
The conformational diversities of AP, and Medin self-aggregates are different and that of
AB4-Medin trimers is increased induced by co-aggregation. The trimeric conformations of
A4 and Medin peptides are mainly disordered, along with a relatively small proportion of
ordered B and helix structures. APs-Medin co-aggregation leads to a decrease in the
probability of high-B-propensity regions of A4, and induces the uniformly distributed
high-B-propensity regions of Medin to relocate in the middle and C-terminal domains,
implying that Medin would form  structures in C-terminus as a core motif to drive the

co-aggregation with Af,,.

Our study elucidates the physical interactions and structural characteristics of A4, and Medin
in different peptide environments (self-aggregation vs. co-aggregation) at the atomic level,
providing useful insights into the molecular mechanism of A4, and Medin co-aggregation
and the cross pathological mechanism of different diseases. According to our simulation
results, compared with peptide self-aggregation, co-aggregation induces the formation of
distinct p-sheet-rich regions on AP, and Medin. The core motifs with high p propensity and
the intra-/intermolecular binding regions construct unique peptide-peptide biological
interfaces. Therefore, future studies focus on the properties of those critical interfaces and
their capability of driving the subsequent fibrillation would shed light on the therapeutic
method development of targeting the peptide-peptide interface and destroying the key
interfacial interactions.
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