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 A B S T R A C T

Alzheimer’s disease is a neurodegenerative disorder characterized by progressive cognitive decline and memory 
loss. It is associated with the self-assembly of the amyloid-𝛽 peptide, a soluble intrinsically disordered 
protein naturally present in the brain parenchyma in various alloforms. This study presents a computational 
approach to identify possible modulators of the monomeric aggregation-prone conformations of amyloid-𝛽, 
a critical intermediate in the fibrillation process. A structure-based virtual screening campaign was designed 
using a structural ensemble to identify potential binders. The workflow included binding site identification, 
small molecule–peptide docking, protein–protein docking, and molecular dynamics simulations to evaluate 
interaction stability and aggregation propensity. From this pipeline, a set of novel molecules was identified as 
capable of interacting with aggregation-prone forms of amyloid-𝛽, potentially reducing their tendency to form 
toxic aggregates.
1. Introduction

Alzheimer’s disease (AD) is a widespread neurodegenerative disor-
der characterized by progressive cognitive decline and memory loss. 
As the most common form of dementia, AD affects millions of peo-
ple worldwide, with its prevalence expected to rise in the coming 
decades due to the increase in life expectancy and the aging global 
population [1]. The pathogenesis of AD is complex and multifacto-
rial, involving several biological mechanisms among which the self-
assembly of the amyloid-beta (A𝛽) peptides plays a central role in 
disease progression. A𝛽 peptides are intrinsically disordered proteins 
(IDPs) naturally present in the brain parenchyma in various alloforms, 
among which A𝛽 1–42 (A𝛽42) is considered the most cytotoxic [2]. 
In physiological environments, A𝛽 monomers, as IDP, lack a fixed 
three-dimensional structure and instead exist as dynamic ensembles of 
inter-converting structural states [3].

The amyloid cascade hypothesis proposes that the neurodegenera-
tive process in AD is initiated by the accumulation of A𝛽 oligomeric 
and fibrillar forms. These aggregated species are thought to disrupt 
neuronal function and synaptic plasticity, which are critical for learning 
and memory [4]. This hypothesis highlights the key role of A𝛽 aggrega-
tion in disease progression, associating toxic assemblies with the cog-
nitive impairments observed in AD patients [5,6]. The self-assembly of 
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A𝛽 generally involves several interconnected processes. These processes 
begin with a primary nucleation step, progress through the formation 
of disordered oligomers, and convert into growth-competent nuclei that 
eventually elongate into fibrillar assemblies. From a molecular point 
of view, monomeric units can coexist, but under certain conditions, 
for instance an increased concentration, they begin to aggregate into 
small oligomers [5,7]. These oligomers can interact with each other or 
with additional monomers, eventually leading to the formation of in-
soluble amyloid fibrils [5,7]. Despite being soluble, A𝛽 oligomers have 
emerged as important factors in neurotoxicity [8]. These structures are 
implicated in triggering multiple toxic mechanisms, including synap-
tic dysfunction, compromised membrane integrity, oxidative damage, 
impaired mitochondrial function, and enhancement of inflammatory 
responses [9–11]. Although the precise mechanism of A𝛽 self-assembly 
remains unclear, fibrillation is known to be influenced by various 
environmental factors, including peptide concentration, pH, presence 
of biomolecules, metal ions and nanoparticles [12–21]. Therefore, the 
inherent conformational dynamics makes the fibrillation process of 
IDPs particularly susceptible to environmental conditions. Based on 
these findings, several strategies have been developed to influence the 
equilibrium of A𝛽 monomers in solution. Among these, immunothera-
pies targeting A𝛽, including monoclonal antibodies such as Donanemab 
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and Aducanumab, have demonstrated the potential of these therapeu-
tic approaches [22]. Both antibodies target toxic A𝛽 conformations, 
with Donanemab acting on both soluble and insoluble plaques, while 
Aducanumab specifically binds to aggregated forms [23–26]. While 
immunotherapies have demonstrated potential in reducing 𝛽-amyloid 
accumulation, their application is limited due to challenges associated 
with intravenous administration. For many years, attempts to treat 
AD with small molecules primarily focused on disease modification 
or symptoms [27]. However, recent advances have introduced novel 
strategies that show promising results. These include the use of small 
molecules designed to disrupt early aggregation-prone conformations of 
A𝛽[28,29] or to enhance the structural variability of A𝛽, thus stabilizing 
its non-toxic conformations through transient interactions [30–35]. 
Therefore, targeting these transient states that display features asso-
ciated with fibrillation propensity through small molecules capable 
of preventing the transition from non-toxic peptide conformations to 
more aggressive fibrillar forms may represent an effective strategy to 
block the early stages of amyloid formation and slow the progression 
of Alzheimer’s disease. Hereafter, we use the term ‘‘fibrillar-prone’’ 
or ‘‘aggregation-prone’’ conformations to describe these transient A𝛽
states, which are structurally characterized by reduced solvent expo-
sure and non-globular shape. These are structural features known to 
statistically bias the peptide toward fibril aggregation [36,37]. Such ap-
proaches offer the advantage of potentially bypassing the pharmaceuti-
cal challenges associated with antibody-based therapies. Interestingly, 
an intermediate strategy using peptides to destabilize aggregated forms 
of A𝛽 is also under investigation. One such peptide-based therapeutic, 
namely PRI-002, has progressed to phase II clinical trials, further 
highlighting the heterogeneity of approaches being explored to address 
A𝛽 aggregation [38,39].

In this study, we explored the dynamic nature of A𝛽 in solution, 
using a structural ensemble characterized in a previous work [13] to 
account for the intrinsic flexibility and diverse conformational states 
of A𝛽, providing a realistic representation of the target. Representa-
tive conformations of the A𝛽 peptide were selected from these long 
simulations, focusing on states prone to form toxic oligomers based on 
structural parameters. Remarkably, these representative conformations 
were subjected to rigid homodimer docking, and the associated scoring 
functions were used to assess their aggregation tendency, providing a 
descriptor that enables the classification of conformers as aggregation-
prone or non-aggregation-prone. While previous studies have primarily 
investigated the aggregated forms of A𝛽 and demonstrated promis-
ing results in disrupting these structures [28,29,40], the critical step 
in AD pathogenesis is the transition of A𝛽 from a stable, non-toxic, 
ensemble of conformations into fibrillation-prone intermediates. More-
over, several computational studies have helped clarify the inhibitor 
mechanisms of a range of small molecules targeting A𝛽 [41–46]. These 
studies highlighted the utility of MD simulations and related in silico 
methodologies for the detailed characterization of A𝛽 binding modes 
and for the rational design of aggregation inhibitors. For this reason, 
our aim was to target early-stage fibrillation-prone conformations and 
elongated forms of A𝛽 were chosen as the primary targets of our drug 
discovery campaign. Specifically, we aimed to identify small molecules 
capable of selectively binding to these transient states, thereby inhibit-
ing their progression into toxic oligomers. Finally, eight molecules were 
identified and characterized as potential binders and inhibitors of the 
fibrillar-prone forms of amyloid-𝛽.

2. Method and computational details

2.1. Representative structure selection and characterization

The configurations analyzed in this study were derived from simula-
tions conducted by Bellucci et al. [13]. That work extensively charac-
terized the conformational ensemble of A𝛽42 in an aqueous solution 
using temperature replica exchange molecular dynamics (T-REMD) 
2 
simulations [47] and OPLS force field [48,49]. To consider the potential 
interconversion among various conformational states, which may oc-
cur via extended intermediates, the T-REMD simulation was executed 
using a cubic box with dimensions of 7.2 nm per side. This box was 
sufficiently sized to enable the sampling of elongated conformers [50] 
(Refer to the ‘‘Methods’’ section of [13] for further details). The sim-
ulation of A𝛽 identified 484 clusters using a C𝛼-RMSD threshold of 
0.28 nm, revealing the diverse conformational ensemble of A𝛽 in water. 
A𝛽 was mostly globular in bulk water, but approximately 10% of the 
conformations were elongated, with a radius of gyration (R𝑔) exceeding 
1.1 nm; these elongated forms have been linked to fibrillar-prone states, 
as demonstrated in the original study [13].

Representative structures were extracted from simulation repre-
sentatives, focusing on conformations intermediate between globular 
and fibrillar states. The classification of these intermediates was based 
on two key structural metrics: R𝑔 and the solvent-accessible surface 
area (SASA). These parameters provided robust criteria for identifying 
relevant configurations for further analysis. In fact, a 𝑅𝑔 greater than 
1.1 nm was chosen to identify elongated structures, while a SASA value 
above 36 nm2 was used to select structures with large exposed surfaces, 
which are known to resemble conformations prone to fibrillation, con-
sistently with what is reported in [13]. To identify a transient binding 
site suitable for docking experiments, the SiteMap tool [51,52] was 
used with permissive parameters, enabling the identification of shallow 
pockets. The selected structures were used as input for HADDOCK [53] 
to perform docking of two identical copies for each of the selected 
structures. The web server for integrative modeling of biomolecular 
complexes [54], with the default setup, was used to perform all docking 
calculations. The scoring obtained was associated with the binding free 
energy of the complex and can be employed to assess the aggrega-
tion propensity of a given structure, thus characterizing the selected 
structures with respect to their fibrillation propensity (See Fig.  1 left 
side).

2.2. Virtual screening database preparation

A 3D molecular database was constructed using the Schrödinger 
Suite (Schrödinger Release 2023-2), starting from 2D structures ob-
tained from two vendors: LifeChemical (http://www.lifechemicals.co
m/) and Asinex (http://www.asinex.com/). The 2D structures were 
converted into 3D representations, and stereoisomers were generated 
using LigPrep (Schrödinger Release 2023-2: LigPrep, Schrödinger, LLC, 
New York, NY, 2023). All possible ionization states at pH 7 ± 1, along 
with tautomers, were generated using Epik [55]. The resulting database 
consisted of approximately 1.2 million compounds.

To enhance the pharmaceutical profile of the database, compounds 
containing PAINS (Pan-Assay Interference Compounds), metal ions, or 
more than two stereocenters were excluded. Furthermore, since the 
target is localized in the central nervous system, the filtered compounds 
were further screened for their ability to cross the blood–brain bar-
rier (BBB) using descriptors available in QikProp (Schrödinger Release 
2023-2: QikProp, Schrödinger, LLC, New York, NY, 2024). The final set 
after the filtering stage consisted of 410,000 molecules.

2.3. Protein preparation and virtual screening

Virtual screenings were conducted using Maestro Schrödinger ver-
sion 2023-4. The selected structures were prepared using the Protein 
Preparation Wizard (Schrödinger, LLC, New York, NY, 2023), which 
includes Epik and Prime modules. For each representative structure, 
grids were generated using inner and outer boxes of 10 Å and 30 
Å, respectively. These grids were centered on the geometric center 
of the identified binding sites, ensuring comprehensive coverage and 
sufficient flexibility for ligand sampling during docking. A hierarchi-
cal docking workflow was employed to efficiently screen and refine 
potential binders [56,57].
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Fig. 1. Computational workflow for identifying potential morphological inhibitors of 
A𝛽 aggregation. The workflow integrates peptide conformation selection and character-
ization using 𝑅𝑔 , SASA, Sitemap analysis to find and characterize the binding pocket, 
and evaluation of homodimer formation via peptide-peptide docking (left side). On the 
right side, virtual screening over selected structures includes filtering by conformers, 
tautomers, Pan-Assay Interfering Substances (PAINS), and metals, followed by SP dock-
ing, XP docking, and induced-fit (IF) docking. The final stage involves characterizing 
peptide–inhibitor complexes achieved through molecular dynamics simulations of the 
complexes and docking analyses of the peptide and its peptide–inhibitor complexes.

The process began with an initial screening using the Standard 
Precision (SP) scoring function as implemented in Glide [58–61] to 
evaluate the entire database. Top-ranking compounds were selected for 
further analysis.

This subset of compounds was visually examined to confirm their 
compatibility with the binding site. The remaining compounds were 
then re-docked using the Extra Precision (XP) scoring function available 
in Glide [58–61], allowing for a more accurate consideration of sol-
vation effects and protein–ligand interactions. Finally, the top scoring 
molecules were further analyzed with an Induced-Fit Docking instance 
(See Fig.  1 right side). The induced-fit docking poses were interpreted 
as interaction models that suggest likely anchoring points, given the 
impossibility of defining definitive stable binding modes for an IDP.

2.4. Molecular dynamics simulations

Molecular dynamics (MD) simulations of A𝛽 with selected ligands 
were performed with the primary objective of characterizing local 
structural rearrangements within the complex and analyzing the inter-
action between the components of the system, rather than exhaustively 
exploring the conformational landscape of the complexed A𝛽. For this 
reason, relatively short simulation times and a reduced box size were 
employed.

All simulations were performed using the Desmond molecular dy-
namics (MD) software engine [62], as provided in the Maestro suite. 
The systems were prepared using the Maestro system builder interface. 
Each complex was solvated in an orthorhombic periodic box filled with 
water molecules, ensuring a minimum distance of 15 Å between the 
solute and the edges of the box. The OPLS4 force field [48] was used 
for the protein and ligand, while the TIP3P model [63] was used for 
water. The use of the OPLS4 force field was motivated by the need to 
maintain consistency with the force field employed to generate the con-
formational dataset in the previous MD simulation [13]. Coulomb and 
Lennard-Jones short interactions were truncated with a cutoff distance 
of 10 Å. The long-range electrostatic interactions were computed using 
3 
the smooth particle mesh Ewald (SPME) algorithm as implemented in 
Desmond. The RESPA integrator [64] was used, using a time step of 2 
fs for short-range forces and 4 fs for long-range ones. Water molecules 
were treated as rigid, and all hydrogen bonds to their bonded atoms 
were constrained.

All systems were minimized and relaxed using the standard relax-
ation protocol implemented in Maestro. For each system, four indepen-
dent runs of 200 ns each were performed to ensure statistical robustness 
in analyzing the dynamic stability of the complexes. Production runs 
were performed in the NPT ensemble and the trajectories were saved 
every 25 ps. The Nosé–Hoover chains [65] was used to control the 
temperature at the reference value of 300 K while constant pressure 
was maintained at 1 atm using the Martyna–Tobias–Klein Barostat
[66].

2.5. MM-GBSA analysis

Molecular Mechanics Generalized Born Surface Area (MM-GBSA)
[67] was used to estimate the binding free energy of complexes. This 
model combines the OPLS-AA force field [48], an implicit solvent 
model, and corrections for hydrogen bonding, 𝜋–𝜋 interactions, self-
contact, and hydrophobic effects (see section ‘‘MM-GBSA details’’ in 
SI for more details). MM-GBSA calculations were interpreted in a 
comparative manner to evaluate the interaction energies of the com-
plexes, focusing on relative differences between poses within the same 
conformational ensemble. This approach provides a range of interaction 
confidence rather than relying on absolute energy values.

3. Results

To identify potential morphological inhibitors of A𝛽 aggregation, 
a computational workflow was used that combined peptide confor-
mation selection, site evaluation, and virtual screening (Fig.  1). The 
process begins with the selection of A𝛽 conformations based on struc-
tural characteristics, along with the binding pockets detection and 
analysis. Peptide-peptide docking is then performed to evaluate the 
formation of homodimer peptide-peptide complexes, which are linked 
to their propensity to initiate amyloidogenesis (Fig.  1 left side). Virtual 
screening of small molecules follows over the selected structures. The 
workflow concludes with the identification and characterization of 
peptide–inhibitor complexes that interfere with aggregation-prone A𝛽
conformations(Fig.  1 right side).

3.1. Structure selection

The radius of gyration (𝑅𝑔) and the solvent-accessible area (SASA) 
were calculated for each structural representative to identify structures 
with a more elongated shape. A threshold of 1.1 nm was applied to 
𝑅𝑔 (Fig.  2A) while a second threshold of 36 nm2 was imposed on 
SASA (Fig.  2B). As shown in Fig.  2C, conformations exhibiting higher 
values for these metrics were underrepresented compared to the overall 
ensemble. This distribution underscores the limited representation of 
the elongated structures in the starting conformational ensemble of 
484 structures [13]. The fibrillar-prone structures appear to occupy a 
minority of the conformational space, suggesting their thermodynamic 
instability.

3.2. Peptide:Peptide docking

The conformations meeting the established criteria were further 
analyzed to identify candidates suitable for docking studies. From a 
subset of 32 elongated structures, through visual inspection of the 
pocket topology, five representative conformations were selected (Fig. 
2D). This selection ensured structural diversity among the structures 
considered, crucial for a solid virtual screening campaign. The selected 
structures were evaluated for their ability to initiate fibril formation by 
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Fig. 2. (A) Distribution of the radius of gyration (R𝑔) calculated for 484 representative structures, providing insights into their conformational compactness. (B) Distribution of 
solvent-accessible surface area (SASA) values, reflecting the exposure of structural components to the solvent environment. (C) 2D correlation plot between R𝑔 and SASA, revealing 
relationships and trends across the dataset. (D) 3D representations of selected structures chosen for detailed investigation. Structures are color-coded as follows: structure 231 
(lightblue), structure 96 (green), structure 429 (yellow), structure 117 (orange), and structure 78 (red).
analyzing their self-interactions in order to estimate their homodimer-
ization propensity. These self-interactions were used to define a score 
that serves as a descriptor of the aggregation propensity of the single 
peptide, thus representing a necessary, though not sufficient, condition 
for fibrillogenesis.

This evaluation was performed using the HADDOCK webserver, 
designed to model protein–protein interactions and estimate their bind-
ing affinity via a scoring function [53,54]. As control, we selected a 
globular conformation having a 𝑅𝑔 of 1.02 nm and a SASA of 36.6 
nm2 (see Fig. S1). The selected elongated conformations (yellow bar in 
Fig.  3) exhibit significantly better HADDOCK scores (H-Scores) than the 
control structure, suggesting a higher propensity to aggregate compared 
to the globular reference structure shown in orange on the right. Consis-
tent with our findings, previous works [36,68] proposed that extended 
or 𝛽-hairpin-like A𝛽 conformations could indeed promote aggregation 
underscoring that elongated structures are critical intermediates on the 
aggregation pathway.

Notably, structure 429 showed the greatest tendency to self-
assemble, being the most stable homodimer, followed by structures 78, 
231, 96, and 117.

3.3. Virtual screening

Virtual screening was conducted to identify small molecules tar-
geting early-stage fibrillation-prone A𝛽 conformations. Five distinct 
suitable pockets were identified, one for each structure (See Tab. S2). 
The selection process considered pocket shape, SiteScore, and Dscore, 
taking into account the different purpose of these metrics, originally de-
signed for well-structured pockets [51,52]. Detailed scores and metrics 
4 
Fig. 3. Histogram of scores obtained from the protein–protein HADDOCK calculations. 
Initial elongated structures are represented in yellow, whereas a single globular 
conformations, serving as example that achieves the highest score and highlights its 
non-fibrillar nature, is in orange. Black error bars indicate variability in the scoring 
calculations.

for the identified pockets are provided in the Supporting Information 
(Tab. S2).
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Fig. 4. (A) 3D representation of structure 429, highlighting the potential binding site 
identified by SiteMap (shown in blue). (B) Key interactions of the small molecule 
SM1 with the binding site. (C) Key interactions of the small molecule SM2 with the 
binding site. (D) Key interactions of the small molecule SM3 with the binding site. 
Protein–ligand interactions are depicted as dashed lines, color-coded according to the 
interaction type: hydrogen bonds in yellow, anion–cation interactions in light blue. 
Ligand-interacting residues are labeled for reference.

The ensemble docking across all structures, performed using virtual 
screening techniques with criteria as reported in the Methods, identi-
fied eight molecules, which are presented in the Supporting Information 
(Tab. S1,Fig. S2) as SM1 to SM8.

For each of the selected structures, we evaluated both the Glide 
Score and the residue interactions. Specifically, analysis of the site 
present on the surface of structure 429 (Fig.  4A) led to the selection of 
three molecules. In particular, SM1 interacts through a dense network 
of hydrogen bonds, primarily with the backbone of the structure, as 
shown in Fig.  4B. Specifically, it forms hydrogen bonds with Ile-31, 
Gly-29, Gln-15, and Ser-26. In addition, a salt bridge is established with 
Asp-23. Similarly, SM2 interacts with Gly-29 via two hydrogen bonds 
that stabilize the core of the molecule (Fig.  4C). This interaction pattern 
is also preserved in SM3 (Fig.  4D).

The second site was identified on structure 231 Fig.  5A. In this 
case two molecules, (SM4 and SM5) were selected for further analysis. 
Notably, SM4 engages in both an ionic interaction and a hydrogen bond 
with Asp-23. Furthermore, it forms a 𝜋–cation interaction with Lys-
28 and a hydrogen bond with Ser-26 (Fig.  5B). The second molecule 
selected for this site, SM5, exhibits similar interaction patterns. It 
retains the 𝜋–cation interaction with Lys-28 and the hydrogen bond 
with Ser-26. In this case, the ionic interaction can involve both Asp-23 
and Glu-22 (Fig.  5C).

From the site identified on the structure 96 (Fig.  6A), we selected 
three additional ligands. Notably, SM6 interacts through two 𝜋 − 𝜋
interactions with Phe-20 and Tyr-10, leveraging both aromatic rings 
present in its structure (Fig.  6B). The other ends of the molecule are 
anchored to the protein via two distinct salt bridges with Asp-7 and 
Asp-1. Additionally, a hydrogen bond is established between the amidic 
nitrogen of the ligand and Asp-1.

The interaction pattern is largely preserved across the other selected 
ligands, SM7 and SM8 (Fig.  6C and D, respectively). Furthermore, SM8 
forms two hydrogen bonds with His-14 and Glu-11 (dashed yellow lines 
in Fig.  6D).

The sites pertaining to structure 117 and structure 78 were excluded 
due to the lack of compound stability observed during the Induced-Fit 
5 
Fig. 5. (A) 3D representation of structure 231, highlighting the potential binding site 
identified by SiteMap (shown in red). (B) Key interactions of the small molecule SM4 
with the binding site. (C) Key interactions of the small molecule SM5 with the binding 
site. Protein–ligand interactions are depicted as dashed lines, color-coded according to 
the interaction type: hydrogen bonds in yellow, anion–cation interactions in light blue, 
𝜋–cation interactions in lime. Ligand-interacting residues are labeled for reference.

Fig. 6. (A) 3D representation of structure 96, highlighting the potential binding site 
identified by SiteMap (shown in purple). (B) Key interactions of the small molecule 
SM6 with the binding site. (C) Key interactions of the small molecule SM7 with the 
binding site. (D) Key interactions of the small molecule SM8 with the binding site. 
Protein–ligand interactions are depicted as dashed lines, color-coded according to the 
interaction type: hydrogen bonds in yellow, anion–cation interactions in light blue, and 
𝜋–𝜋 stacking interactions in green. Ligand-interacting residues are labeled for reference.

Docking phase (see SI ‘‘Analysis of Sites 117 and 78’’ and Fig S3–S4 for 
more details).

3.4. Peptide:Peptide-SM Docking

The selected compounds, bound to the specific conformation they 
were docked with, were analyzed using HADDOCK to assess the stabil-
ity of the ternary complex (i.e. homodimer in presence of the  small 
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Table 1
HADDOCK scores (H-Scores) and relative errors of the complexes. The values for the 
homodimer complex, consistently exceeding those of the complex between the peptide 
conformation and the identical peptide conformations bound to the ligand. Scores for 
homodimer complexes (without ligand) are in bold.
 Complex H-Scores (a.u.) 
 429 429 −129.6±7.3 
 429 429:SM1 −101.9±3.3 
 429 429:SM2 −92.0±3.8 
 429 429:SM3 −80.8±8.2 
 231 231 −89.8±9.8 
 231 231:SM4 −76.5±6.4 
 231 231:SM5 −66.3±7.3 
 96 96 −80.1±6.8 
 96 96:SM6 −73.9±5.0 
 96 96:SM7 −66.6±7.1 
 96 96:SM8 −63.2±4.7 

molecule). All of the selected compounds demonstrated theoretical 
ability to reduce binding affinity, as predicted by protein–protein dock-
ing analysis. Among these, the complexes formed with structure 429 
exhibited the highest degree of binding affinity reduction. In particular, 
SM3 and SM2 showed a significant effect, while SM1 achieved a lower 
score (Table  1). For structure 231, SM5 exhibited a stronger effect, 
whereas the performance of SM4 appeared to fall within the range of 
statistical error. Finally, for structure 96, SM7 and SM8 displayed better 
binding affinity scores, while SM6 showed a comparatively weaker 
effect.

In conclusion, all the selected compounds exhibited the ability to 
reduce the aggregation propensity of the fibrillar-prone structure (see 
Fig. S5). This reduction in aggregation potential highlights the capacity 
of the compound to modulate the dynamic conformational equilibrium 
of intrinsically disordered proteins, thereby interfering with the early 
stages of fibril formation.

Analyzing the 3D rearrangements of the dimers formed by both the 
ligand-bound and unbound structures (Fig. S6) we observed a particular 
behavior in the complexes of the structure 231 and partially in the 
complex 96-SM6. Specifically, although the overall dimer arrangement 
changes between the bound and unbound forms, the interacting surface 
remains preserved in these two cases. In contrast, all other ligands 
occupied the previously used protein interface, reducing the available 
peptide–peptide interface and potentially limiting dimerization.

3.5. Molecular dynamics simulations and binding free energy estimation

The stability and structural evolution of all predicted complexes 
were assessed through molecular dynamics (MD) simulations, following 
the protocol described in the Methods section. To enhance the relia-
bility of the MD simulation results, four independent MD simulations 
were performed for each system. The simulations revealed a diverse 
behavior in the dynamics of the different complexes, attributed to the 
extreme flexibility of the A𝛽 peptide. Given our focus on estimating 
the binding interactions between the compounds and A𝛽 across the 
different conformational states sampled during the evolution of the 
system, we calculated the MM-GBSA binding affinities for every 10th 
saved frame of the trajectory (Fig. S7). Overall, MD simulations re-
vealed that the ligands did not maintain a single stable binding mode 
throughout the simulations. However, they demonstrated adaptability 
by re-establishing binding interactions, underscoring their potential 
efficacy in engaging with multiple conformations of the intrinsically 
disordered A𝛽 structure. The time series of the evolution of the MM-
GBSA, shown in Fig. S7, captures this dynamic behavior between the 
four replicas of each system, suggesting that critical binding inter-
actions were largely preserved (Tab. S3). In light of the variability 
observed during the dynamics, data from all four replicas were ag-
gregated to ensure robust statistical analysis, and the distribution of 
the calculated 𝛥G values obtained from MM-GBSA is shown in Fig. 
6 
7. The mean MM-GBSA values derived from MD simulations for all 
molecular complexes are presented in Tab. S3. The results revealed 
distinct trends among the compounds. For SM2, SM3, and SM5, the 
simulations showed an overall decrease (i.e., improvement) in the bind-
ing free energy, indicating enhanced stability of the interactions with 
A𝛽. In contrast, SM4 exhibited relatively stable binding free energy 
values centered around the mean, suggesting consistent interaction 
throughout the simulation. However, for SM1, SM6, SM7, and SM8, 
while the interaction was not entirely lost in some cases, an increase 
in binding free energy was observed, indicating a weaker or less stable 
binding affinity under the simulated conditions.

These findings underscore the variability in compound efficacy 
when interacting with the highly dynamic A𝛽 conformations. Com-
pounds SM2, SM3, and SM5, in particular, stand out as promising 
candidates for further investigation due to their favorable binding 
profiles. In particular, compared to the other compounds, SM2, SM3, 
and SM5 maintained more stable and persistent interactions with the 
A𝛽 monomer throughout the molecular dynamics simulations. More-
over, the MM-GBSA analysis revealed an overall improvement in their 
binding free energy profiles compared to the initial docking poses, 
indicating enhanced binding stability.

4. Discussion

The identification of distinct binding pockets across the selected 
structures underscores the unique challenges associated with targeting 
disordered systems, such as IDPs, or flexible and dynamic systems, 
such as small RNA molecules, as highlighted in previous works [34,
69]. Their pronounced flexibility determines significant difficulties for 
classical structure-based drug discovery programs. In fact, unlike tra-
ditional drug discovery targets, these systems require careful consid-
eration of additional factors. Disordered systems, such as the amyloid 
A𝛽 monomer in solution, derive their stability from a heterogeneous 
ensemble of conformations corresponding to multiple and degenerate 
energy states. This characteristic is crucial because all A𝛽 conforma-
tions in solution are transient and their structural features evolve 
dynamically over time. Consequently, the presence of a binding mode 
associated with specific conformations also reflects the dynamic nature 
of the system and is itself transient. Consequently, both the affinity and 
the overall stability of a ligand–monomer are dictated by the proba-
bility of particular conformational states of the monomer that present 
specific binding modes. As a result, a ligand must identify suitable 
conformations from a large ensemble, rather than simply stabilizing a 
single active or inactive state.

The A𝛽 monomer has structural features that allow ligand bind-
ing, forming transient yet functionally significant complexes. Although 
these complexes may evolve over time, the recurring contacts between 
the ligands and A𝛽 can nevertheless hinder the early stages of fibril 
formation. Indeed, HADDOCK estimation suggest that the selected 
molecules, by interacting with specific monomeric conformations, ef-
fectively could reduce the propensity of A𝛽 to aggregate in the initial 
phase of fibril development. This inhibition may provide critical time 
for fibrillar-prone monomers to revert to thermodynamically stable 
conformations within the ensemble, thereby reducing their propensity 
to aggregate.

This approach highlights the importance of targeting early ag-
gregation events, where monomeric structures play a key role. By 
stabilizing these intermediates and sterically occupying residues critical 
for aggregation-prone interactions, the selected compounds can effec-
tively modulate the conformational equilibrium of A𝛽. Such modulation 
reduces the likelihood of oligomer and fibril formation, thus mitigating 
downstream cellular toxicity. Therefore, we hypothesize that ligand–A𝛽
interactions deactivate aggregation-prone intermediates by shielding 
critical interfaces. This obstruction may limit A𝛽 monomers from form-
ing stable higher-order assemblies. The transient nature of interactions 
highlights the intrinsic challenge of targeting IDPs. Their flexibility 
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Fig. 7. Distribution of the calculated 𝛥𝐺 values obtained from MM-GBSA calculations. The black dashed line indicates the binding free energy of the initial complex from the MD 
simulation, corresponding to the docking-derived binding pose.
and conformational heterogeneity require ligands capable of adapt-
ing to dynamic binding surfaces. The ability of these compounds to 
repeatedly form new interactions may represent a key feature in effec-
tively modulating IDP behavior. As the structure of the peptide–ligand 
complex undergoes conformational changes without aggregating, it 
may lose contact with the ligand and revert to a non-fibrillar-prone 
form, while a non-fibrillar-prone conformation could transform into 
a fibrillar-prone form, subsequently interacting with another inhibitor 
molecule. This dynamic behavior reflects the intrinsic flexibility of both 
A𝛽 and A𝛽-ligand complexes, suggesting that these compounds are 
particularly well-suited to interact with the multiple conformations of 
7 
fibrillar-prone A𝛽. Such adaptability could be crucial for maintaining a 
long-term inhibitory effect on aggregation.

5. Conclusions

This study highlights the potential of targeting fibrillar-prone forms 
of A𝛽 as a therapeutic strategy to mitigate amyloid-related toxicity. 
By leveraging structural insights and computational approaches, we 
identified distinct fibrillar-prone conformations and their associated 
binding sites. Molecular dynamics simulations confirmed the dynamic 
nature of interactions between A𝛽 and the selected small molecules. 
This adaptability underscores the flexibility of these compounds in 
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engaging with intrinsically disordered targets. Notably, the ability of 
ligands to maintain binding activity across multiple conformations may 
represent a critical feature for the successful inhibition of fibrillar-prone 
aggregation. Compounds such as SM2, SM3, and SM5 have been iden-
tified as promising candidates for further studies. These compounds are 
of particular significance because they not only engage effectively with 
the target, thereby reducing its propensity to form fibrils, but are also 
predicted to successfully traverse the BBB, a fundamental characteristic 
for this category of drugs. As such, they represent a solid foundation 
for the development of more potent compounds. Additionally, SM6, 
SM7, and SM1, which possess similar properties, are equally worthy 
of further investigation.

Future work should focus on experimental validation of these find-
ings through in-vitro assays. Additionally, exploring environmental 
factors, such as pH and ionic strength, could provide a more com-
prehensive understanding of ligand performance under varying phys-
iological conditions. In conclusion, this study not only proposes a 
workflow for targeting highly flexible protein structures but also offers 
valuable insights into the design of small molecules to inhibit amyloid 
aggregation and its associated toxic effects.
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