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Abstract

Medin is a principal component of localized amyloid found in the vasculature of individuals 

over 50 years old. Its amyloid aggregation has been linked to endothelial dysfunction and 

vascular inflammation, contributing to the pathogenesis of various vascular diseases. Despite 

its significance, the structures of medin monomer, oligomer, and fibril remain elusive, and 

the dynamic processes of medin aggregation are not fully understood. In this study, we 

comprehensively investigated the medin folding and dimerization dynamics and conformations 

utilizing the atomistic discrete molecular dynamics simulations. Our simulation results suggested 

that the folding initiation of the medin involved the formation of β-sheets around medin30–41 and 

medin42–50, with subsequent capping of other segments to their β-sheet edges. Medin monomer 

typically consisted of three or four β-strands, along with a dynamic N-terminal helix. Two 

isolated medin peptides readily aggregated into β-sheet-rich dimer, displaying a strong aggregation 

propensity. Dimerization of medin not only enhanced the β-sheet conformations but also led to 

the formation of β-barrel oligomers. The aggregation tendencies of medin1–18 and medin19–29 

were relatively weak. However, the segments of medin30–41 and medin42–50 played a crucial 

role as they primarily formed a β-sheet core and facilitated medin1–18 and medin19–29 to form 
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intra- and inter-peptide β-sheets. The findings highlight the critical role of the medin30–41 and 

medin42–50 regions in stabilizing the monomer structure and driving medin amyloid aggregation. 

These regions could potentially serve as promising targets for designing anti-amyloid inhibitors 

against amyloid aggregation of medin. Additionally, our study provides a full picture of the 

monomer conformations and dimerization dynamics for medin, which will help better understand 

the pathology of medin aggregation.

Graphical Abstract

Introduction

Medin is a 50-amino-acid protein derived from the milk fat globule-EGF factor 8 protein1. 

It serves as a principal component of aortic medial amyloid (AMA)2, which is the most 

common type of localized amyloid found within the medial layer of the aorta3, 4. AMA 

frequently occurs in individuals aged 50 years and older and is associated with age-related 

vascular stiffness5–7. Although the exact role of medin in AMA pathogenesis is not 

fully understood, mounting evidence suggests the aggregation of medin may contribute 

to the degeneration of the arterial wall, leading to arterial stiffening and cerebrovascular 

dysfunction3, 6, 8. Degenhardt et al. have shown that mice with a genetic deficiency of medin 

exhibit a lack of vascular aggregates and prevent the age-related decline in cerebrovascular 

function, suggesting that the aggregation of medin may cause cerebrovascular dysfunction4. 

Cerebral arteriole medin may serve as a novel risk factor or biomarker for Alzheimer’s 

disease (AD) and vascular dementia9, 10. A recent study demonstrated that medin co-

localizes with amyloid-β (Aβ) deposits and promotes vascular β-amyloidosis both in 
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vitro and in vivo1. Therefore, uncovering the molecular mechanisms underlying medin 

aggregation is crucial for understanding the pathogenesis of age-related cerebrovascular 

dysfunction and vascular dementia, which also benefits for the development of novel 

therapeutic strategies for preventing or treating these conditions.

The aggregation kinetics of medin1, 11, similar to other amyloid peptides such as Aβ12, 13 

and human amylin14, 15, exhibits a typical sigmoid curve with three phases: a lag phase 

of nucleation of monomers into oligomers and proto-fibrils, a growth phase of rapid 

elongation of fibrils, and an equilibrium plateau of mature fibrils. Prior studies using circular 

dichroism (CD) spectroscopy and nuclear magnetic resonance (NMR) have suggested that 

the monomeric form of medin primarily adopts random coil and β-sheet structures16–18, 

although some partial helix structures have also been observed18. The NMR measurements 

combined with ab initio protein modeling have revealed that the soluble monomeric medin 

consists of a stable core composed of three β-strands, with shorter and more labile strands 

located at the C-termini17. The CD measurements showed that the medin aggregates 

were saturated with β-sheet structures up to 65%19. The aggregation assays of various 

truncated medin peptides have shown that the amyloid-prone region is located in the last 

18–19 C-terminal amino acids20. Specifically, electron microscopy and Congo red staining 

measurements indicated that medin1–12, medin14–22, medin16–24, and medin1–25 segments 

did not aggregate into amyloid fibrils, whereas medin32–41, medin42–49, and medin31–50 

readily formed amyloid fibrils20. The formation of fibrils by the medin42–49 peptide was 

observed by Gazit et al. through electron microscopy21, and Middleton et al. subsequently 

used solid-state NMR spectroscopy and X-ray fiber diffraction to establish that the fibrils 

consist of parallel, in-register β-sheets that assemble in a face-to-back manner22. Another 

X-ray crystallography study has demonstrated that both medin19–25 and medin31–37 adopt 

β-sheet conformations within a cyclic peptide derived from residues 19–37 of medin23. 

However, the structures of full-length medin monomer, oligomer, and fibril are still 

unknown, and the dynamics as well as conformations of medin during amyloid aggregation 

have yet to be established.

To investigate the aggregation dynamics of medin, we propose a comprehensive study 

of the monomer structures and dimerization dynamics of the full-length medin peptide 

using atomistic discrete molecular dynamics24, 25 (DMD) simulations. DMD is a rapid 

and predictive molecular dynamics algorithm that has been extensively employed in the 

study of amyloid aggregation, encompassing both pathological26–28 and functional29, 30 

amyloid peptides. The folding dynamics simulations showed that the folding initiation of the 

medin monomer involved the formation of β-sheets around medin30–41 and medin42–50, with 

subsequent capping of other segments to their β-sheet edges. The conformation of the medin 

monomer typically consisted of three or four β-strands with a dynamic N-terminal helix, 

in agreement with prior NMR measurements17. Dimerization simulations demonstrated 

that two isolated medin peptides readily aggregated into β-sheet-rich oligomers, displaying 

a strong aggregation propensity characteristic of classic amyloid-prone peptides3, 20. 

Dimerization of medin not only enhanced the β-sheet conformations but also led to the 

formation of β-barrel oligomers. This observation of β-barrel pore aggregates was consistent 

with prior experimental measurements11. The analysis of residue-pairwise contact frequency 

indicated that the aggregation tendencies of medin1–18 and medin19–29 were relatively weak, 

Huang et al. Page 3

J Chem Inf Model. Author manuscript; available in PMC 2024 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which was in line with previous aggregation studies of various truncated medin segments20. 

However, in the medin dimer, the segments of medin30–41 and medin42–50 played a 

crucial role as they primarily formed a β-sheet core. This core structure further facilitated 

medin1–18 and medin19–29 to form intra- and inter-peptide β-sheets. In conclusion, our 

findings highlight the critical role of the medin30–41 and medin42–50 regions in stabilizing 

the monomer structure and driving medin amyloid aggregation. These regions could 

potentially serve as promising targets for designing anti-amyloid inhibitors to counteract the 

pathogenesis of amyloid-related vascular disorders3, 4. Additionally, our simulation results 

have provided valuable insights into the conformation and self-assembly dynamics of full-

length medin peptide, which will help us to better understand the pathological aggregation of 

medin.

Materials and methods

Molecular systems.

The sequence of human medin used in our simulations is 1RLDKQGNFNA 
11WVAGSYGNDQ 21WLQVDLGSSK 31EVTGIITQGA 41RNFGSVQFVA50, which has 

been widely employed in previous studies1, 4. Since the solution structure of the medin 

monomer remains elusive, we initiated the simulations with a fully extended conformation. 

To explore the structural characteristics of the medin monomer, we performed 30 

independent simulations, each starting from a different initial state with varied velocities. 

Each monomeric medin simulation had a duration of up to 600 ns. From these simulations, 

we identified the top 10 most populated monomeric structures, which accounted for 

approximately 45.7% of the conformations, and utilized them as initial structures for the 

dimerization simulations. To ensure thorough conformational sampling, we carried out 60 

independent DMD simulations for the dimeric medin, employing diverse initial states in 

terms of coordinates, orientations, and velocities. For each simulation, two peptides were 

randomly selected from the top 10 most populated medin monomer structures and placed 

within an 8.0 nm cubic box, ensuring an inter-molecular distance of more than 1.5 nm. The 

simulation time for each independent dimerization simulation was also up to 600 ns.

DMD simulations.

Our simulations were conducted using the implicit-solvent united-atom discrete molecular 

dynamics (DMD) method in the canonical NVT ensemble at a temperature of 300 K. The 

Medusa force field, which has been extensively validated for its accuracy in predicting 

protein stability changes and protein-ligand binding affinities31–33, was employed. The 

force field considers bonded interactions (covalent bonds, bond angles, and dihedrals) 

as well as non-bonded interactions (van der Waals and electrostatic terms). The DMD 

algorithm, a unique type of MD algorithm, replaces continuous potential functions with 

discrete step functions34. The Medusa force field’s van der Waals parameters are based on 

the CHARMM force field35, and the implicit solvation model used to represent water is 

the EEF1 model developed by Lazaridis and Karplus36. Hydrogen bond interactions are 

explicitly modeled using a reaction-like approach33, and screened electrostatic interactions 

are represented using the Debye-Hückel approximation with a Debye length of 10 Å. 

Temperature control is achieved using the Anderson thermostat37. The units of mass, time, 
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length, and energy in our simulations are 1 Da, ~50 fs, 1 Å, and 1 kcal/mol, respectively. 

Academic researchers can access the DMD software through Molecules In Action, LLC 

(www.moleculesinaction.com).

Our previous studies have demonstrated the predictive power of the DMD simulation with 

the Medusa force field and the EEF1 implicit solvation model. This includes successful 

folding simulations that capture native states with secondary and tertiary structures25, 33, as 

well as computationally derived conformational ensembles that align with single-molecule 

FRET measurements in the dynamics of multi-domain proteins38, 39. Furthermore, our 

recent amyloid aggregation simulations, encompassing calcitonin peptides (hCT, sCT, phCT, 

and TL-hCT)26 and amylin peptides (hIAPP, hIAPP(S20G), and rIAPP)27, successfully 

replicated experimentally observed variations in amyloid tendencies, underscoring the 

predictive capabilities of DMD simulations with the Medusa force field protocol for 

studying amyloid peptide aggregation. The accuracy of DMD with the Medusa force field in 

studying the aggregation of functional suckerin amyloid peptides29 and pathological amylin 

amyloid peptides27 was extensively benchmarked through comparisons with standard MD 

simulations using force fields such as GROMOS9640, OPLS-AA41, AMBER99SB-ILDN42, 

and CHARMM36m43. The DMD algorithm, known for its enhanced sampling efficiency, 

has been widely utilized by our group12, 44–47 and other researchers48–50 to investigate 

protein folding and amyloid aggregation phenomena. Therefore, the DMD with the Medusa 

force field was chosen to investigate the conformational dynamics of the medin monomer 

and dimer.

Analysis Methods.

The secondary structure of the protein was determined using the dictionary of secondary 

structure of proteins (DSSP) method51. Residue-pairwise contacts were defined as pairwise 

interactions between non-sequential sidechain or main chain atoms if their distance was 

within 0.65 nm. Hydrogen bonds were identified when the distance between the backbone 

N and O atoms was ⩽3.5 Å and the N-H•••O angle was ⩾120°52. Cluster analysis was 

conducted using the Daura algorithm53 with a cutoff of 0.50 nm for backbone atom 

deviations. If the β-strand segments of an oligomer were capable of creating a closed 

cycle, with each β-strand linked to two adjacent β-strands through a minimum of two 

hydrogen bonds, the oligomer was classified as a β-barrel oligomer12, 27, 46. To visualize 

the conformational landscape, a two-dimensional (2D) free energy surface, also known as 

the potential mean force (PMF) surface, was constructed. This surface was generated by 

calculating the negative logarithm of the probability, −RT ln P(x, y), where P(x, y) represents 

the probability of a conformation having specific values for parameters x and y.

Results and discussion

Equilibrium assessment for the folding simulation of medin monomer.

The conformational dynamics of medin monomers were explored through 30 independent 

600 ns DMD simulations. The equilibrium of the conformational states was assessed based 

on structural parameters such as radius of gyration (Rg), number of backbone hydrogen 

bonds and heavy atom contacts, and secondary structure content over time (Figure. S1). The 
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absence of significant conformational changes in the last 300 ns of the simulations indicated 

that they reached a reasonable equilibrium. Consequently, only the data from the final 300 

ns of each independent simulation trajectory were utilized for the subsequent conformational 

analysis to minimize potential biases stemming from the initial structures.

The presence of C-terminal β-sheets triggered medin to fold into β-sheet-rich 
conformations with three or four β-strands and a dynamic N-terminal helix.

The time evolution of the secondary structure for each residue of medin, starting from a fully 

extended state, revealed the initial adoption of a β-sheet conformation around the C-terminus 

(Figure 1a&b). This conformational arrangement facilitated the folding of other regions, 

resulting in a β-sheet-rich structure comprising three or four strands formed by residues 

8–50. The β-sheets formed by the C-terminal residues of the medin monomer were observed 

to exhibit higher stability compared to other regions, which was consistent with previous 

study on the structure of the medin monomer17. Additionally, transient helical conformations 

(including α-helix, 5-helix, and 3-helix) involving the N-terminal residues were dynamically 

observed during the folding process, in agreement with prior experimental measurements18.

The ensemble average secondary structure analysis of the medin monomer, based on 

the last 300 ns of simulation data from 30 independent DMD trajectories, revealed 

that the predominant conformations were unstructured and β-sheet, with probabilities of 

approximately 45.7% and 38.4%, respectively (Figure 1c). Prior experimental measurements 

also suggested that medin monomer primarily assumed random coil and β-sheet 

structures16–18. The average content of helix and turn structures was relatively low, at 

approximately 7.6% and 8.2%, respectively (Figure 1c). Consistent with prior studies, medin 

monomer was also experimentally observed to exhibit partial helical conformations18. The 

conformation of the medin monomer was further examined using a free energy landscape 

analysis based on the total number of backbone hydrogen bonds and the average β-sheet 

ratio (Figure S2). The conformational free energy landscape displayed a broad energy 

basin, encompassing a range of ~10–30 backbone hydrogen bonds and a β-sheet ratio of 

~15%−55%. Within this energy basin, conformations with a high β-sheet ratio exhibited 

lower free energy compared to conformations with a low β-sheet content (such as helical 

structures), suggesting a higher stability and preference for β-sheet structures.

To further explore the structural characteristics of each region within the medin monomer, 

we conducted an analysis of the average secondary structure propensity for each residue 

(Figure 1d). The distribution of β-sheet propensity revealed the presence of four distinct β-

strand regions: residues 1–18 (denote as medin1–18), residues 19–29 (denote as medin19–29), 

residues 31–41 (denote as medin31–41), and residues 42–50 (denote as medin31–41). Notably, 

the β-sheet propensity was relatively weaker for the segment of medin1–18 compared to 

the latter three regions. Specifically, the average β-sheet propensity for medin1–18 was 

approximately 22.2%, while for fragments of medin19–29, medin30–41, and medin42–50, 

the β-sheet propensities were approximately 42.7%, 43.6%, and 54.7%, respectively. 

Additionally, residues 1–16 exhibited a higher propensity for dynamic helical structures, 

with an average propensity of approximately 20.0%.
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Furthermore, we performed a conformational cluster analysis using the Daura algorithm53, 

employing a cutoff of 0.50 nm for backbone atom deviations. Among the medin monomer 

conformations, we identified the top ten most populated clusters, which accounted for 45.7% 

of the total conformations (Figure 1e). Examination of the central structures of these clusters 

revealed that medin1–18 capable of adopting both helical and β-sheet structures, while the 

other regions of medin19–29, medin30–41, and medin42–50 predominantly adopted β-sheet 

conformations. The conformational PMF analysis for mdin1–18 further showed that this 

region could fold into both partial helix and β-sheet structures (Figure S3).

The segments of medin30–41 and medin42–50 consistently exhibited β-sheet conformations 
within the medin monomer, whereas the conformations of medin1–18 and medin19–29 were 
more varied.

The conformational energy landscape was analyzed by examining the relationship between 

the β-sheet content of the entire peptide (residues 1–50) and the average β-sheet ratio for 

each segment, including medin1–18, medin19–29, medin30–41, and medin42–50 (Figure 2). 

The analysis was performed using the last 300 ns of simulation data from 30 independent 

trajectories. Both low (less than 10%) and high (greater than 30%) β-sheet content 

conformations with low free energy were observed for medin1–18 and medin19–29 (Figure 

2a&b). The low β-sheet content conformations in these regions predominantly occurred 

within the range of 10%~30% β-sheet ratio for the medin monomer, while the high β-sheet 

content conformations were primarily observed in structures where the whole medin peptide 

had a β-sheet content greater than 40%. In contrast, segment of medin30–41 and medin42–50 

predominantly adopted conformations with a β-sheet ratio greater than 40%, regardless of 

whether the β-sheet content of the entire peptide was low or high (Figure 2c&d). Overall, 

the β-sheet content of the entire peptide was primarily influenced by the conformations 

of medin1–18 and medin19–29, as the regions of medin30–41 and medin42–50 consistently 

adopted β-sheet structures.

Residues 30–50 formed a stable β-hairpin core, facilitating the folding of other regions into 
β-sheet structures by capping to the β-hairpin edges through hydrophobic interactions.

The conformation of the medin monomer was further investigated through residue-pairwise 

contact frequency analysis using structures obtained from saturation states (Figure 3). The 

N-terminal residues 1–19 of medin monomer exhibited a strong inclination towards a helical 

pattern along the diagonal, particularly in the region encompassing residues 1–13 (snapshots 

1 in Figure 3), which was consistent with the findings from the secondary structure analysis 

(Figure 1d). Three β-hairpin motifs were observed, formed by residues 10–16 vs. 19–25, 

22–29 vs. 32–39, and 32–38 vs. 44–50, with contact patterns perpendicular to the diagonal. 

These motifs involved interactions among hydrophobic residues (snapshots 2, 3, 6 in Figure 

3). Notably, the β-hairpin motif formed by residues 30–50, containing the most hydrophobic 

amino acids within the segments of residues 30–41 and 42–50, exhibited the highest average 

frequency (>60%) compared to other structured contact patterns, indicating its exceptional 

stability. Residues 8–15 or 19–25 were found to cap the stable β-hairpin edges, facilitating 

the formation of β-sheet structures (snapshots 4 and 5 in Figure 3). Strong hydrophobic 

interactions between residues 30–41 and 42–50 played a crucial role in stabilizing the 
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β-hairpin conformation, acting as a critical core that assisted other regions in folding into 

β-sheet structures by interacting with the β-hairpin edges.

Dimerization dynamics displayed a strong propensity of medin to undergo aggregation as 
a classic amyloid-prone peptide.

To investigate the aggregation dynamics and conformational behavior of medin, we 

conducted 60 independent 600 ns DMD simulations for two medin peptides. As the 

experimentally characterized structure of medin remains elusive, the central structures of 

the top 10 most populated monomeric conformations, which accounted for approximately 

45.7% of the total conformations, were chosen as representative medin monomer structures. 

Two structures were randomly selected from these top 10 conformations and placed in 

an 8.0 nm cubic simulation box, ensuring a minimum inter-peptide distance of 1.5 nm. 

The time evolution of inter-peptide hydrogen bonds and contacts, along with the average 

secondary structure content, as well as snapshots from two randomly selected trajectories, 

revealed the rapid aggregation of the two isolated medin peptides into a β-sheet-rich dimer 

(Figures 4a&b). The stability of the dimer was facilitated by the formation of inter-peptide 

hydrogen bonds and contacts. Furthermore, the dimerization dynamics were examined 

in all 60 independent simulations, analyzing the number of inter-peptide contacts and 

hydrogen bonds over time (Figure S4). The results showed that inter-peptide contacts and 

hydrogen bonds were rapidly formed within the first 100 ns in all trajectories, indicating 

the strong propensity of medin to undergo aggregation as a classic amyloid-prone peptide20. 

These findings emphasized the crucial role of intermolecular interactions, specifically the 

formation of inter-peptide contacts and hydrogen bonds, in driving the aggregation process 

of medin.

Dimerization resulted in medin forming β-barrel conformations.

The presence of β-barrel oligomers was initially observed during the aggregation of a 

fragment from αB-crystalline54, suggesting their potential cytotoxicity in amyloidosis. Both 

experimental and computational studies provided support for the formation of β-barrel 

intermediates in toxic fragments45, 46, 54–56 and full-length12, 26, 27, 57–59 for amyloid 

peptides, such as hIAPP27, 57 and Aβ12,58, 59. For instance, wild-type Aβ showed a higher 

propensity for β-barrel formation compared to the AD-protective A2T substitution but 

lower than the AD-causative mutations D7N and E22G12. Moreover, the introduction of 

the S20G substitution in hIAPP increased its amyloidogenicity and cytotoxicity, resulting 

in a significant increase in β-barrel formation compared to the wild-type peptide27, 57. 

These findings shed light on the potential role of β-barrel intermediates in the pathogenesis 

of amyloid-related disorders. Furthermore, prior experimental measurements along with 

computational modeling demonstrated that medin oligomers can induce ionic membrane 

permeability by forming β-barrel (i.e., β-sheet pore) conformations11. Interestingly, the 

formation of β-barrel oligomers was also observed during dimerization (Figures 4b&S5c). 

Although the probability of medin forming β-barrel conformations was heterogeneous 

among different trajectories, the direct observation of β-barrel oligomers indicated their 

presence as one of the medin aggregation intermediates (Figures 4c&d).
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Dimerization promoted the formation of β-sheet conformations in medin by reducing the 
presence of N-terminal helical structures.

The time evolution of radius of gyration, the number of inter-peptide contacts and 

hydrogen bonds, as well as the secondary structure contents, indicated that the dimerization 

simulations reached their corresponding steady states during the last 200 ns (Figure 

S5). Therefore, the simulation data from the last 200 ns of each independent DMD 

trajectory were used for the analysis of conformational dynamics. Compared to the medin 

monomers, the average β-sheet propensity in the medin dimer increased from ~38.4% to 

44.3% (Figures 5a). The probability distribution function of the average β-sheet content 

of medin peptide in monomer and dimer demonstrated that dimerization enhanced the 

β-sheet conformations (Figure S6a). Oligomerization-enhanced β-sheet conformations of 

medin were also consistent with prior experimental measurements16–19. Conversely, the 

average helix content in the medin dimer was significantly reduced to only 1.6%, in contrast 

to the 7.6% observed in the medin monomer. The secondary structure propensities of 

each residue within the medin dimer were compared to those of the medin monomer to 

investigate the effects of dimerization on the conformation of medin (Figures 5b&S7). The 

analysis revealed a significant suppression of the helical propensity of medin1–18 in the 

dimer, accompanied by an enhancement of its β-sheet propensity. The average helix and 

β-sheet ratio probability distribution of each medin1–19 segment in the monomer and dimer 

further confirmed that dimerization promoted the β-sheet conformation and suppressed the 

helix conformation for the medin1–18 segment (Figures 5c&S6a). Additionally, the average 

β-sheet propensities for medin19–29 were also enhanced (Figures 5b&d). Since the residues 

in medin30–41 and medin42–50 were already predominantly in β-sheet conformations in 

the monomer, dimerization did not induce significant structural changes in these regions 

(Figures 5b&e–f). These results suggested that inter-peptide interactions, specifically the 

formation of inter-peptide contacts and hydrogen bonds, enhance the β-sheet structures in 

the regions of medin1–18 and medin19–29.

Segments of medin30–41 and medin42–50 played critical roles in the aggregation of medin.

To uncover the key interactions driving medin aggregation, we analyzed both intra- and 

inter-peptide residue-wise contact frequency maps within the saturated conformations of 

the medin dimer (Figure 6a). Similar to the medin monomer (Figure 3), three β-hairpin 

contact patterns, perpendicular to the diagonal, involving regions of residues 7–28, 19–39, 

and 30–50 were also observed in the medin dimer (snapshots 1, 2, and 5 in Figure 6a). 

Dimerization enhanced the β-hairpin propensity of residues 7–28, suppressing the helical 

formations of medin1–19, particularly for residues 10–19. Additionally, the intra-peptide 

β-sheet conformations formed by capping residues 18–26 and 7–14 to the segment of 

medin42–50 were also observed in the medin dimer (snapshots 3 and 4 in Figure 6a), similar 

to those present in the medin monomer.

The inter-peptide contact frequency analysis revealed that interactions among residues 1–29 

were significantly weak. Only two faint β-sheet contact patterns were observed in this 

region: one was a parallel β-sheet between residues 7–14 and residues 7–14 (snapshot 6 in 

Figure 6a), and the other was an anti-parallel β-sheet between residues 19–25 and residues 

21–27 (snapshot 7 in Figure 6a). These results suggested that the self-assembly propensity 
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around this region was relatively weak, which was consistent with prior experimental 

measurements20. Two obvious anti-parallel β-sheet contact patterns were identified between 

the capping residues of medin1–19 and medin30–41, as well as medin42–50. Specifically, 

residues 6–14 formed contacts with residues 31–39, and residues 5–16 interacted with 

residues 39–50 (snapshots 8 and 11 in Figure 6a). Moreover, intermolecular binding between 

medin19–30 and medin31–41, forming a parallel β-sheet pattern, was also observed with 

the β-strands around residues 21–27 and residues 35–41 (snapshot 9 in Figure 6a). Prior 

experiments demonstrated that medin16–24 and medin1–25 didn’t aggregate20, but all 

the segments of residue 19–37 displayed a strong tendency to form aggregating β-sheet 

structures23, indicating that medin31–41 may assist residues 19–30 in assembling β-sheet 

conformations. Additionally, with the strongest β-sheet propensity observed in medin30–41 

and medin42–50, inter-peptide β-sheets formed by these two regions were also identified 

(snapshots 10 and 12 in Figure 6a). The average number of intra- and inter-peptide contacts 

was also analyzed (Figure 6b). The hydrophobic residues had more intra- and inter-peptide 

contacts compared to other residues (e.g., polar and charged residues), indicating the 

interactions among hydrophobic residues played a crucial role in medin aggregation. In 

addition, residues that demonstrated a strong propensity for forming intra-peptide contacts 

also exhibited a pronounced tendency to establish inter-peptide contacts. This phenomenon 

drove the aggregation of medin into β-sheet-rich structures, including β-barrel intermediates, 

in order to maximize residue-pairwise interactions for these residues.

The radius distribution function of the Cα atoms from each medin segment, corresponding 

to their geometry center, was analyzed to characterize the conformational features of 

the medin dimer (Figure 6c). Residues from medin30–41 and medin42–50 were found to 

preferentially bury inside the dimer, while medin1–19 usually distributed on the outer layer. 

Additionally, the solvent-accessible surface area (SASA) per residue of the medin monomer 

and dimer was also studied (Figure S8). The comparison between the medin monomer 

and dimer showed an increase in SASA around residues 2–9 and a noticeable decrease in 

SASA around residues 10–15, 20–28, and 30–38 (Figure S8b). However, due to the strong 

occupation of the surfaces of residues from medin42–50 in assisting the other regions in 

forming β-sheet conformations, dimerization only resulted in a weak SASA decrease around 

medin42–50. Taking into account the analyses of secondary structure propensity and residue 

pairwise contact frequency, it can be deduced that medin30–41 and medin42–50 mainly 

assumed a β-sheet core buried inside the dimer, while interactions among hydrophobic 

residues drove the segments of medin1–19 and medin20–29 to cap the elongation edges of the 

β-sheet core, forming β-sheet conformations.

The dimerization free energy landscape analysis suggested that dimer formation was more 
favorable than having two isolated monomers, as dimers typically exhibited lower potential 
energy.

To better understand the energetics of medin aggregation, we computed the potential 

of mean force as a function of the total number of inter-peptide contacts and potential 

energy. We utilized all the 600 ns simulation data from 60 independent trajectories for the 

conformational free energy landscape analysis to capture all the ensemble characteristics 

during the entire dimerization process (Figure 7a). The dimerization free energy landscape 
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exhibited two distinct free energy basins: one narrow basin corresponding to the isolated 

monomers and one broad basin corresponding to the dimeric state (Figures 7a&c). For the 

most favorable conformations (i.e., with the lowest free energy) in each basin, the medin 

dimer had lower potential energy than the two isolated monomers. Dimeric medin featured 

a broad free energy basin, indicating that the conformations of the medin dimer were very 

diverse. Interestingly, most of the β-barrel conformations exhibited lower potential energy 

than the other dimer conformations, as well as the two isolated monomers (Figures 7b). 

These results suggested that dimerization resulted in the two medin peptides adopting lower 

energy conformations. Therefore, the aggregated states were expected to be more favorable 

compared to the isolated states.

Conclusions.

In conclusion, our atomistic DMD simulations have provided valuable insights into both the 

folding and dimerization dynamics of medin. The folding dynamics simulation of the medin 

monomer demonstrated that the formation of β-sheets around medin30–41 and medin42–50 

triggered the folding of medin into β-sheet-rich conformations, with the medin1–18 and 

medin19–29 segments capping their β-sheet edges. The conformational analysis indicated 

that the medin monomer primarily consists of three or four β-strands, along with a dynamic 

helix around the N-terminus. Additionally, two isolated medin peptides readily aggregated 

into β-sheet-rich oligomers, showcasing a strong aggregation propensity characteristic of 

classic amyloid-prone peptides20. Dimerization of medin promoted the formation of β-sheet 

conformations and reduced the presence of N-terminal helical structures, leading to the 

emergence of β-barrel conformations. The observation of β-barrel pore oligomers was 

also supported by prior experimental measurements11. Furthermore, the specific analysis 

of inter-peptide contacts suggested that the self-assembly tendency among medin1–18 and 

medin19–29 segments were relatively weak, consistent with prior experimental studies20. 

In the medin dimer, the segments of medin30–41 and medin42–50 primarily formed a 

buried β-sheet core, which could further facilitate medin1–18 and medin19–29 in forming 

intra- and inter-peptide β-sheets. The region of medin1–18 was usually distributed on 

the outer layer. The dimerization free energy landscape analysis suggested that dimer 

formation was energetically more favorable than having two isolated monomers, as dimers 

typically exhibited lower potential energy. Overall, our study sheds light on the molecular 

mechanisms underlying both medin monomer folding and the formation of stable β-sheet 

structures in the medin dimer. These findings provide a better understanding of medin’s 

role in the pathogenesis of amyloid-related vascular disorders4, 18. The knowledge gained 

from these simulations may have implications for the development of potential therapeutic 

strategies to target medin aggregation.
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Figure 1. Conformational dynamics analysis of the medin monomer.
Time evolution of the secondary structure for each residue of the medin monomer a&b). 
Snapshots along the simulation trajectory are shown every 200 ns. Two trajectories are 

randomly selected from thirty independent DMD simulations to illustrate the folding 

dynamics. Average secondary structure content of unstructured (coil and bend), β-sheet, 

helix, and turn conformations in the medin monomer during the last 300 ns of DMD 

simulations c). Propensity of each residue in the medin monomer to adopt unstructured (coil 

and bend), β-sheet, and helix conformations d). Probability and corresponding structure of 

the top ten most populated clusters for the medin monomer e). All three types of helical 

structures, including α-helix, 5-helix, and 3-helix, are summarized as helix. According to 

the β-sheet propensity, the entire peptide is divided into four regions: medin1–18, medin19–29, 

medin30–41, and medin42–50, which are color-coded as pink, orange, purple, and gray, 

respectively.
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Figure 2. The conformational free energy landscape analysis for the medin monomer.
The potential mean force of the saturated medin monomer is plotted as a function of the β-

sheet ratio for the entire peptide (residues 1–50) as well as for the segment of medin1–18 a), 
medin19–29 b), medin30–41 c), and medin42–50 d). The conformational analysis is performed 

using the last 300 ns of simulation data from 30 independent DMD trajectories. Segments of 

medin1–18, medin19–29, medin30–41, and medin42–50 are color-coded as pink, orange, purple, 

and gray, respectively.
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Figure 3. Residue-pairwise contact frequency analysis of the medin monomer.
The left panel shows the residue-pairwise contact frequency between main-chain heavy 

atoms (upper diagonal) and side-chain heavy atoms (lower diagonal) within the medin 

monomer. Representative structured motifs with high contact frequency patterns, mainly 

corresponding to helices or β-sheets, are labeled as 1–6 and displayed on the right. The 

contact frequency map is generated using the last 300 ns trajectories of 30 independent 

DMD simulations after reaching a steady state.
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Figure 4. Dimerization dynamics and β-barrel formation analysis of medin.
The dimerization dynamics of medin are monitored by the time evolution of the secondary 

structure content (left panel), the number of inter-molecular contacts and hydrogen bonds 

(middle panel), along with representative snapshots at the simulation time of 400 and 

600 ns (right panel) a&b). Two trajectories are randomly selected from sixty independent 

simulations to illustrate the dimerization dynamics of medin. The frequency of β-barrel 

oligomers observed in each simulation trajectory is sorted in descending order based on the 

probability of β-barrel formation c). Three β-barrel conformations randomly selected from 

the top 3 most populated β-barrel trajectories are provided in side and top views d).
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Figure 5. Comparing the secondary structure properties between medin monomer and dimer.
The average secondary structure propensity of monomeric and dimeric medin a). The 

average propensity of each residue to adopt helix (top) and β-sheet (bottom) conformations 

in the medin monomer and dimer b). The probability distribution of the β-sheet ratio for 

the segment of medin1–18 c), medin19–29 d), medin30–41e), and medin42–50 f) in medin 

monomer and dimer. To minimize potential bias from initial states, only the final 300 ns 

and 200 ns of the medin monomer and dimer simulations, respectively, were used for the 

ensemble average secondary structure analysis.
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Figure 6. Contact frequency analysis of the medin dimer.
Residue-pairwise contact frequencies between peptides are shown in the upper diagonal, 

while contact frequencies within each peptide are shown in the lower diagonal 

a). Representative structural motifs with high-contact-frequency patterns predominantly 

associated with helices or β-sheets, labeled as 1–12 in the contact frequency map, are also 

presented. The average number of intra-peptide and inter-peptide contacts per residue in 

the medin dimer b). The radius distribution function of Cα atoms from each medin region 

corresponds to the geometric center of the dimer c). All the above analyses were performed 

using the last 300 ns of trajectories from 50 independent DMD simulations, reaching a 

saturation state.
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Figure 7. Dimerization free energy landscape analysis of medin.
The dimerization free energy landscape is calculated as a function of the number of 

inter-peptide contacts and potential energy a). The probability distribution of β-barrel 

conformation is also shown on the same coordinates as the corresponding free energy 

landscape b). Four snapshots labeled 1–4 on the free energy landscape surface are also 

presented to illustrate the corresponding conformations c). To capture the entire dimerization 

process, all the 600 ns data from 60 trajectories are used.
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