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The abnormal accumulation of phenylalanine is a defining feature of phenylketonuria (PKU) and 
is Linked to the formation of toxic, amyloid-like fibrils. To investigate the molecular mechanisms 
underlying this aggregation, we performed all-atom molecular dynamics simulations of zwitterionic 
phenylalanine at physiological temperature. Systems with varying phenylalanine concentrations 
were simulated over 500 ns to assess aggregation dynamics, structural stability, and non-covalent 
interactions. Our results show that phenylalanine rapidly self-assembles into fibrillar structures 
stabilized by hydrogen bonding and π–π stacking. Higher concentrations led to more compact 
aggregates, as indicated by radial distribution functions and solvent-accessible surface area analyses. 
We further examined the coaggregation of alanine with phenylalanine fibrils and found that alanine 
preferentially binds to zwitterionic terminal regions via hydrogen bonds. This interaction may 
contribute to the enhanced toxicity of phenylalanine aggregates. These findings provide molecular-
level insights into phenylalanine aggregation in PKU and support the development of strategies to 
mitigate its pathological effects.

The aggregation of aromatic amino acids, particularly phenylalanine, tyrosine, and tryptophan, has been linked 
to the pathogenesis of various diseases. These residues are aromatic and hydrophobic, properties that contribute 
to their tendency to self-assemble through π-π stacking and hydrophobic interactions1–3. In many cases, protein 
misfolding and abnormal aggregation lead to the formation of toxic amyloid-like structures, which contribute 
to cellular dysfunction. In particular, protein aggregation plays a central role in neurodegenerative diseases 
such as Alzheimer’s and Parkinson’s diseases, where misfolded proteins form β-sheet-rich amyloid fibrils and 
intracellular inclusions4–6. Similarly, in type 2 diabetes (T2D), the misfolding and aggregation of islet amyloid 
polypeptide (IAPP) are implicated in cell dysfunction and disease progression7–9.

While many amyloid-related disorders stem from protein misfolding, phenylketonuria (PKU) represents a 
different case, in which toxicity is linked to the self-assembly of free phenylalanine (Phe) rather than protein 
aggregation10–16. Experimental studies have demonstrated that Phe can spontaneously form amyloid-like 
structures under physiological conditions12–15,17,18, suggesting that its intrinsic self-assembly properties contribute 
to PKU-associated toxicity14,15. The process is influenced by external factors, including solvent composition, 
which modulates the interactions driving molecular aggregation. Research on aromatic peptide coassembly of 
diphenylalanine and triphenylalanine peptides at various mass ratios has revealed that interactions between 
hydrophobic residues and solvent molecules play a key role in determining nanostructure morphology15. In 
biological systems, the analysis of non-covalent interactions is crucial for rationalizing the structure, dynamics, 
and function of macromolecules, as well as for elucidating the mechanisms underlying molecular aggregation 
and self-organization19. In these systems, water is crucial for stabilizing chiral supramolecular structures through 
hydrogen bonding and π-π interactions20–24, which could be significant in Phe aggregation. In particular, the 
self-assembly of amino acids often results in the formation of well-ordered nanoscale architectures, which exhibit 
distinct structural and functional properties25,26. These findings underscore the importance of understanding 
the molecular mechanisms underlying phenylalanine aggregation and its role in PKU pathology.

Anand et al.14 demonstrated that Phe fibrils can cross-seed the aggregation of native proteins under 
physiological conditions, promoting their conversion into β-sheet-rich assemblies. This phenomenon is 
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particularly relevant to PKU, where elevated Phe levels may facilitate the formation of toxic, amyloid-like fibrils 
in vivo. The study further showed that these Phe aggregates induce pronounced hemolytic activity, deforming 
erythrocyte membranes and causing severe lysis. In addition to interacting with proteins, Phe fibrils were found to 
coaggregate with other amino acids, acting as molecular scaffolds or “seeds” for their incorporation into fibrillar 
structures. These observations underscore two critical pathological features of phenylalanine aggregation in 
PKU: its ability to trap proteins and other biomolecules into irreversible aggregation pathways, and the cytotoxic 
nature of both primary Phe fibrils and the protein fibrils they induce. Similar findings have been reported by 
Tomar et al.13, Singh et al.10, and Nigdelioglu et al.?, who observed the membrane-disruptive potential and 
aggregation-seeding capacity of aromatic amino acid assemblies under physiological and pathological conditions.

Computer simulations are increasingly providing valuable insights into the behavior of biologically important 
molecules. In line with the work of Sahin Uyaver et al., who explored the self-assembly of aromatic amino 
acids such as tyrosine, tryptophan, and phenylalanine at different temperatures using molecular dynamics 
simulations to study fibril-like aggregate formation27–29, our research takes a different approach. We investigate 
the coaggregation mechanism of Phe residues. First, we use conditions that promote the formation of large 
Phe aggregates, studying systems containing 100 to 500 phenylalanine monomers–more than in previous 
computational studies–which allows us to identify different fibril structures. We then explore the coaggregation 
process using preformed Phe fibrils and alanine (Ala) residues, which typically do not self-aggregate but can 
aggregate in the presence of Phe fibrils, as experimentally observed.

Given the critical role of phenylalanine fibrils in diseases like PKU and the limited understanding of their 
toxicity mechanisms, our study aims to investigate the behavior of phenylalanine fibrils in solution and their 
ability to promote the aggregation of other amino acids. A central focus is understanding how non-aromatic 
amino acids, such as alanine, interact with phenylalanine and contribute to the aggregation process despite 
lacking the intrinsic self-assembly properties of aromatic residues. To achieve this, we use all-atom molecular 
dynamics simulations, to study high concentrations of phenylalanine in its zwitterionic state alongside alanine 
molecules at physiological temperature. By elucidating the molecular interactions between phenylalanine and 
alanine, our work provides critical insights into the coaggregation mechanisms that may underlie the toxicity of 
phenylalanine fibrils in biological systems.

Results and discussion
This investigation aimed to analyze the coaggregation of alanine within phenylalanine fibres. Using all-atom 
molecular dynamics (MD) simulations, we first examined the self-assembly of zwitterionic phenylalanine 
monomers at varying concentrations (100 to 500 monomers) to understand their intrinsic aggregation behavior. 
Subsequently, we investigated the ability of phenylalanine fibrils to promote the incorporation of alanine into 
these structures, providing insights into how non-aromatic amino acids participate in the aggregation process. 
Simulations were performed using the OPLS-AA force field, which offers accurate treatment of torsional angles 
and non-covalent interactions such as hydrogen bonding and π–π stacking–features particularly beneficial for 
modeling aromatic residue aggregation. To better capture the solvation environment, we employed the TIP5P 
water model, which provides an improved description of the tetrahedral structure and hydrogen-bonding 
network of water. This combination allowed us to simulate the aggregation dynamics and solute–solvent 
interactions with greater physical realism under near-physiological conditions.

Formation of phenylalanine fibres
The results of molecular dynamics simulations of the zwitterionic form of phenylalanine over a period of 500 ns 
showed that the monomers rapidly aggregated within 100 ns. Furthermore, during the production phase of the 
simulation, these aggregates progressively improved their stability.

Root-mean-square deviation (RMSD) analysis was performed for all simulations to evaluate the mobility 
of Phe residues in each system (See Fig. 1). Table 1 presents the RMSD values for Phe residues during the last 
100 ns of the simulations. The RMSD calculation was carried out using all recorded frames from the last 100 ns 
of each independent replicate for all systems (Phe100, Phe200, Phe300, Phe400, and Phe500). For each system, 
the average RMSD was first computed separately for each trajectory. Standard deviations were then calculated 
across these trajectory-level averages, treating each trajectory as an independent sample. The results reveal that 
systems with higher phenylalanine concentrations exhibit lower RMSD values, indicating reduced mobility and 
greater structural stability. In contrast, more diluted systems show a progressive increase in RMSD, reflecting 
higher mobility of Phe residues. For instance, the Phe100 system exhibited the highest RMSD value (8.3±1.4 
nm), while the Phe500 system, with five times the concentration of phenylalanine, displayed the lowest RMSD 
value (1.2±0.1 nm). These variations in RMSD are related to the phenylalanine concentration, residue mobility, 
and the stability of the resulting aggregates.

To evaluate the spatial distribution of Phe and assess the degree of aggregation, we measured the solvent-
accessible surface area (SASA) per residue for all simulations. SASA represents the surface area of a biomolecule 
that is accessible to a solvent and serves as a key metric for understanding molecular aggregation. The average 
SASA values per residue are presented in Table 1 and Fig. 2. The results show that the Phe100 system exhibited 
the highest SASA value, while systems with higher phenylalanine concentrations (Phe200, Phe300, Phe400, and 
Phe500) displayed progressively lower SASA values. Figure 2 also illustrates the SASA per residue for each system 
during the last 100 ns of simulation, revealing that lower phenylalanine concentrations correspond to larger 
solvent-accessible areas. This trend indicates that as the concentration of Phe increases, the residues become 
more aggregated, reducing their exposure to the solvent. Specifically, the solvent-accessible surface area (SASA) 
per residue showed a marked decrease–approximately threefold–as the number of phenylalanine monomers 
increased from 100 to 500. According to Table 1, the SASA values decreased from 0.9 nm2 at Phe100 to 0.5 
nm2 at Phe500, despite the fivefold increase in concentration. This inverse correlation underscores a strong 
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relationship between monomer concentration, aggregation, and solvent accessibility. As more monomers are 
introduced, the aggregation becomes more compact and ordered, resulting in reduced exposure of individual 
residues to the solvent. This trend also aligns with the observed decrease in RMSD values, which reflect greater 
structural stability of the aggregates at higher concentrations.

As the concentration of Phe increases, a progressive transition in the aggregation pattern is observed, ranging 
from linear assemblies at low concentrations to densely packed, layered structures at higher concentrations 
(Fig. 3). In the Phe100 system, Phe monomers primarily form elongated, linear-like aggregates. These structures 
exhibit a parallel arrangement, where the NH+

3  termini (blue) and COO− termini (red) interact electrostatically, 
forming aligned chains. The hydrophobic side chains of Phe residues are positioned between these chains, 
minimizing their exposure to the solvent and contributing to the overall stability of the aggregates.

Fig. 2.  SASA per residue for phenylalanine systems during the last 100 ns of five different systems. 
Representative snapshots of each system are included, visually demonstrating the increased degree of 
aggregation in more concentrated systems. Error bars represent the standard deviation.

 

Phenylalanine (molec.) RMSD (nm) SASA per residue (nm2)

100 8.3±1.4 0.9±0.9

200 4.6±0.9 0.8±0.7

300 2.5±0.1 0.7±0.6

400 1.8±0.1 0.6±0.5

500 1.2±0.1 0.5±0.4

Table 1.  Average values of RMSD and SASA per residue for phenylalanine systems during the last 100 ns 
of MD simulations, where the RMSD values (in nm) reflect the structural stability of the aggregates, while 
SASA values (in nm2) indicate the degree of solvent accessibility. The reported error ranges correspond 
to the standard deviation: for RMSD, it was calculated based on the independent replicates of each system 
(Phe100, Phe200, Phe300, Phe400, and Phe500), while for SASA, it was computed considering the number of 
phenylalanine residues in each system.

 

Fig. 1.  Root-mean-square deviation (RMSD) as a function of time of five systems. The RMSD values were 
analyzed based on the average of each independent replicate for all systems (Phe100, Phe200, Phe300, Phe400, 
and Phe500).
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In the Phe200 system, a more interconnected network of chains emerges due to the increased number of 
electrostatic interactions between NH+

3  and COO− termini. This interconnection results in a more stabilized 
and compact aggregation, though individual chain-like structures are still discernible. The interactions between 
hydrophobic side chains also become more evident, suggesting an early-stage organization of hydrophobic and 
electrostatic domains.

With a further increase in concentration, the Phe300 system exhibits more complex aggregation patterns. 
The individual chains observed at lower concentrations become increasingly entangled, forming multilayered 
structures. At this stage, the organization of Phe residues begins to resemble a stacked arrangement, where 
alternating electrostatic and hydrophobic domains become apparent. The NH+

3  and COO− termini facilitate 
the stabilization of these layers through strong electrostatic interactions, while the hydrophobic Phe side chains 
cluster together, further stabilizing the overall structure.

At Phe400, the aggregation reaches a highly interconnected state, where distinct layers are clearly visible. 
These layers are composed of alternating electrostatic interactions between NH+

3  and COO− termini and 
hydrophobic interactions between Phe side chains. The system becomes more compact, significantly reducing 
solvent exposure, indicating a strong self-assembly tendency. This organization suggests a shift from simple 
chain-like assemblies to a more defined fibril-like structure as the concentration increases.

Finally, in the Phe500 system, a highly compact and organized aggregate is observed. The structure is 
dominated by well-defined layers, where hydrophobic Phe side chains cluster to form a hydrophobic core, 
while NH+

3  and COO− termini interact extensively to stabilize the assembly. This results in a highly ordered 
self-assembled structure with alternating electrostatic and hydrophobic layers. The drastic reduction in solvent 
exposure further confirms the increased stability and compactness of the aggregates at high concentrations.

The formation of hydrogen bonds (H-bonds) between nitrogen (N) and oxygen (O) atoms in phenylalanine 
(Phe) monomers across different systems is illustrated in Fig. 4. In the Phe100 system (Fig. 4a), the monomers 
approach each other and maintain stable non-covalent intermolecular interactions via their amino (NH+

3 ) and 

Fig. 3.  Last frame of the molecular dynamics simulation for phenylalanine systems at varying concentrations 
(100 to 500 monomers). Blue spheres represent the nitrogen atoms of the NH+

3  termini, while red spheres 
indicate the oxygen atoms of the COO− termini of Phe residues.
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carboxyl (COO−) groups. These interactions result in the formation of linear assemblies, where the H-bonds 
are represented as dashed lines, with nitrogen atoms in blue and oxygen atoms in red.

In the Phe200 system (Fig.  4b), a zigzag pattern of hydrogen bonds is observed between the monomers. 
This pattern indicates a more interconnected network of chains due to the increased number of electrostatic 
interactions between NH+

3  and COO− termini.
As the concentration increases further, the Phe300 system (Fig.  4c) exhibits more complex aggregation 

patterns. The intermolecular interactions via amino and carboxyl groups occur more rapidly due to the higher 
concentration, leading to the formation of multilayered structures. The H-bonds form a more complex and 
stabilized network, contributing to the overall stability and compactness of the aggregates.

These findings highlight the concentration-dependent mechanism of Phe aggregation, where electrostatic 
interactions between NH+

3  and COO− termini, along with hydrophobic interactions between Phe side chains, 
drive the formation of ordered aggregates. At low concentrations, linear structures predominate, while at higher 
concentrations, hierarchical, layered organizations emerge. This structural transformation suggests that Phe self-
assembly is governed by a balance of electrostatic and hydrophobic interactions, leading to the formation of 
fibril-like aggregates.

In addition to other non-covalent interactions, π-π interactions between the aromatic rings of phenylalanines 
are observed. These π-π interactions, though weak between two π systems, play a significant role in the 
association between aromatic rings. Two types of π interactions can occur: face-to-face and edge-to-face. In this 
work, we primarily observed the face-to-face interaction, where the aromatic rings are located parallel to each 
other.

Figure  5 illustrates this type of interaction between aromatic rings, represented by green surfaces. Face-
to-face π-π stacking interactions contribute to the stability and organization of the phenylalanine aggregates, 
highlighting the importance of these interactions in overall structural formation.

In order to verify the interactions formed between the phenylalanine monomers, radial distribution function 
(RDF) analysis was employed. The g(r) between the alpha carbons of phenylalanine (CA) was investigated to 
clarify the arrangement or stacking of aromatic rings. Figure 6a shows the g(r) Analysis of CA-CA atomic pairs, 
revealing two prominent symmetrical peaks. The first peak occurs at a distance of 4.9 Å, And the second at 

Fig. 4.  Hydrogen bond representation between N–O. (a) and (b) Top and side views of the hydrogen bonds 
formed by phenylalanine monomers in the Phe100 and Phe200 systems, respectively, taken from the last frame. 
(c) Conformation of the phenylalanine fiber in the Phe300 system. Nitrogens are represented in blue, oxygens 
in red, and hydrogen bonds as dashed lines.
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5.4 Å. The corresponding cumulative curve of CA-CA atomic pairs (Fig. 6c) indicates that, on average, 1 to 2 
phenylalanine molecules are coordinated.

The accumulative number for the two peaks is relatively independent of concentration, suggesting that the 
pattern of ring interactions does not change significantly with concentration. The cumulative number represents 
the average number of neighboring atoms or molecules located within a given distance from a reference atom. 
The higher g(r) values for systems with lower concentration indicate that once these interactions are formed, they 
remain in solution, resulting in a higher density in comparison to the average density of a uniform distribution 
of Phe.

Furthermore, the RDF of nitrogen and oxygen atoms in phenylalanine suggests the presence of structural 
ordering (Fig. 6b). This is evidenced by two to three well-defined peaks in the RDFs for atomic pairs of N-O, with 
a prominent peak at a distance of 2.7 Å. This first peak corresponds to the intermolecular interaction between 
N-O atomic pairs. The corresponding cumulative number for N-O interactions (Fig. 6d) shows that, on average, 
1 cumulative number is observed in all situations. Thus, independently of the concentration, the electrostatic 
interaction of the positive terminus is always counterbalanced by the negative charge of another residue in close 
contact.

Overall, this result suggests that once aggregation begins to form, it becomes highly stable. Therefore, 
any therapeutic inhibition strategy should act before aggregates develop to prevent the accumulation of Phe 
monomers in biological systems.

Additionally, the phenylalanine has a para-substituted phenyl ring, with a hydrogen atom at the CZ carbon 
and the CG carbon opposite to CZ. The g(r) analysis for the CZ-CZ pair atoms of the phenylalanine rings (Fig. 7a) 
shows a prominent peak at a distance of 4.5 Å. This result indicates that the phenylalanine rings are preferentially 
positioned one above and one below each phenylalanine monomer, suggesting a stacked arrangement. The CZ-
CZ pattern is similar to that of CA-CA; however, CA-CA shows more order with two better-resolved peaks. This 
increased order can be attributed to the reduced mobility of CA in comparison to CZ, as CA is closer to the 
electrostatic termini of the Phe.

Figure 7b shows the g(r) of CZ-CG, where the highest peak occurs at a distance of 6.4 Å. This average value 
represents the distance between the phenylalanine rings, indicating the spatial arrangement and interaction 
distance between the aromatic rings of phenylalanine monomers. The cumulative number pattern for CZ-CG 
is similar to that of CZ-CZ, indicating the mobility of this arrangement during simulation. These distances are 
compatible with ring-ring stacking, although the rings are not fixed during the simulation and exhibit some 
shifting.

Fig. 5.  π-π stacking interaction between neighbouring aromatic rings represented by green surfaces of Phe200 
system.

 

Scientific Reports |        (2025) 15:37776 6| https://doi.org/10.1038/s41598-025-19843-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


In Fig. 7c and d, the cumulative numbers of CZ–CZ and CZ–CG contacts, respectively, are presented. These 
plots reveal that, at equivalent distances, systems with higher Phe concentrations exhibit greater cumulative 
numbers. This indicates that elevated concentrations favor an increased number of Phe–Phe contacts, reflecting 
enhanced intermolecular packing and stronger aromatic interactions among phenylalanine residues.

Coaggregation of alanine with phenylalanine fibers.
Phenylalanine has a well-documented ability to self-assemble into amyloid-like fibrils under physiological 
conditions, even in the absence of enzymatic or chaperone activity14,30. These fibrils, enriched in β-sheet 
structures, possess a strong tendency to engage in intermolecular interactions such as hydrophobic contacts 
and hydrogen bonding. Importantly, phenylalanine aggregates can act as nucleating templates that promote the 
co-aggregation of other amino acids, including those that are not inherently prone to aggregation31. Alanine, a 
small and nonpolar residue, has been shown to coaggregate efficiently with phenylalanine due to its structural 
compatibility with the hydrophobic microenvironment of the fibrils and its ability to form stable backbone 
interactions14. This templating effect positions phenylalanine fibrils as potential scaffolds for heterogeneous 
aggregation processes relevant in both pathological and material science contexts.

Fig. 6.  Radial distribution function between the atoms of CA-CA and N-O for zwitterionic phenylalanine. 
(a) g(r) of CA-CA, with the inset indicating the alpha carbon atoms involved in the corresponding g(r). (b) 
g(r) of N-O, with the inset indicating the nitrogen and oxygen atoms involved in the corresponding g(r). (c) 
Cumulative number of CA-CA. (d) Cumulative number of N-O.
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Phenylalanine fibrils have been shown to promote the rapid aggregation of mixed amino acids under 
physiological conditions, highlighting their intrinsic ability to drive the co-aggregation of other residues14. Based 
on this property, the present study investigates the co-aggregation behavior of alanine in the presence of preformed 
phenylalanine fibrils derived from molecular dynamics simulations of the Phe200 system. Ten independent 
systems were constructed by embedding 100 alanine monomers into the preassembled phenylalanine fibers And 
subsequently evaluated over 500 ns of molecular dynamics simulations.

Figure 8 depicts the number of hydrogen bonds formed during the final 50 ns of the simulations. Hydrogen 
bonding was Analyzed across all ten replicas. The individual averages ranged from 108 to 140 hydrogen bonds, 
with standard deviations between 6 And 10, indicating moderate variability among the configurations. When 
treating all replicas as equivalent representations of the same system, a global average of approximately 115 
hydrogen bonds was observed, with a standard deviation of 15. This result provides a robust estimate of the 
overall system behavior. The findings suggest that during the late phase of the simulation, the phenylalanine 
fibers establish stable and consistent interactions with the alanine molecules, with minor fluctuations likely 
attributable to replica-specific conformational or dynamic differences.

The RDF profile of the N–O distances for phenylalanine And alanine shows a prominent peak at 2.6 Å for 
both (see Fig. 9a). This peak suggests a substantially similar coordination sphere within the phenylalanine and 

Fig. 7.  Radial distribution function between the atoms of CZ-CZ and CZ-CG for zwitterionic phenylalanine. 
(a) g(r) of CZ-CZ, with the inset indicating the carbon atoms involved in the corresponding g(r). (b) g(r) of 
CZ-CG, with the inset indicating the carbon atoms involved in the corresponding g(r). (c) Cumulative number 
of CZ-CZ. (d) Cumulative number of CZ-CG.
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alanine molecular systems. The presence of this peak indicates that the nitrogen and oxygen atoms consistently 
interact at this distance, reflecting a common structural feature in both amino acids.

Figure 9b presents the cumulative number of N-O interactions, further supporting the RDF findings. The 
cumulative number graph shows that, on average, the coordination spheres around the nitrogen and oxygen atoms 
are similar for both phenylalanine and alanine. This indicates that alanine residues interact with phenylalanine 
residues at either the N terminus or the carboxylic terminus with equal probability. This observation reinforces 
the idea that the interaction between alanine and phenylalanine is primarily electrostatic.

Figure 10 shows a detailed snapshot illustrating the coaggregation of alanine monomers with phenylalanine 
fibers. The alanine monomers are depicted as an orange-colored surface, attached to the terminal regions of 
phenylalanine fibers. The phenylalanine fibers are represented with blue spheres for nitrogen atoms of the 
amino groups and red spheres for oxygen atoms of the carboxyl groups. The aromatic rings of phenylalanine 
are visualized as a white van der Waals surface, linked by hydrophobic interactions. This visualization highlights 
that the phenylalanine fibers facilitate contact between the carboxyl and amino groups of phenylalanine 
residues situated on the surface of the fiber. The results indicate that the alanine monomers are attracted to the 
phenylalanine fibers primarily through hydrogen bonds, contributing to the overall stability and organization of 
the coaggregated structure.

Fig. 9.  Radial distribution function and cumulative number for the nitrogen and oxygen atoms of 
phenylalanine and alanine. (a) g(r) of N-O, with the inset indicating the nitrogen and oxygen atoms involved 
in the corresponding g(r). (b) Cumulative number of N-O.

 

Fig. 8.  Number of hydrogen bonds of the phenylalanine fiber with respect to the alanine monomers Analyzed 
in the last 50 ns.
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This study provides detailed insights into the intrinsic self-assembly behavior of zwitterionic phenylalanine 
monomers under physiological temperature using all-atom molecular dynamics simulations. By systematically 
varying the concentration of Phe monomers and maintaining a constant water box size (6×6×6 nm3) using the 
TIP5P water model and the OPLS-AA force field, we observed the progressive formation of ordered aggregates, 
suggesting that phenylalanine alone, without external cofactors, possesses the capacity to nucleate and stabilize 
supramolecular assemblies. Notably, coaggregation simulations using preformed Phe fibrils demonstrated the 
ability of these structures to recruit alanine molecules, further supporting phenylalanine’s role as a seeding agent 
for non-aromatic residues. The use of 10 replicas ensured the robustness of the alanine incorporation analysis, 
while the dual-replica design for each Phe concentration enhanced the statistical reliability of the self-assembly 
observations.

Despite these contributions, several limitations must be acknowledged. First, the simulation timescale (500 
ns) may not capture slower events such as fibril elongation or long-range rearrangements, which typically occur 
over micro to millisecond timescales. Second, the simulation environment was intentionally simplified: no 
ions or crowding agents were included, and pH was represented implicitly by using zwitterionic Phe, omitting 
dynamic protonation effects that may influence aggregation behavior. Moreover, the finite box size may constrain 
the full morphological development of extended fibrillar networks. Although the TIP5P model improves 
solvation realism and OPLS-AA captures relevant non-covalent interactions, additional experimental validation 
is required to confirm the structural motifs and biological relevance of the observed aggregates. Furthermore, 
this study does not assess the cytotoxic or functional impact of the aggregates, which is a key consideration in 
the context of phenylalanine accumulation-related disorders such as PKU.

Conclusion
This study provides a comprehensive analysis of the aggregation behavior of Phe and its interaction with 
Ala monomers. The RDF analysis revealed significant hydrogen bonding interactions between the amino 
(NH+

3 ) and carboxyl (COO−) groups of phenylalanine monomers. The presence of well-defined peaks in the 
RDF profiles indicates stable non-covalent interactions that contribute to the formation of linear and layered 

Fig. 10.  Final snapshot of the coaggregation of alanine with phenylalanine fibers. Alanine monomers are 
depicted in orange. In phenylalanine, blue spheres represent nitrogen atoms of the amino groups, and red 
spheres indicate oxygen atoms of the carboxyl groups. The aromatic rings of phenylalanine are visualized as a 
white van der Waals surface.
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aggregates. Additionally, the study identified face-to-face π-π stacking interactions between the aromatic 
rings of phenylalanine. These interactions were visualized through hydrophobic surfaces and confirmed by the 
corresponding RDF analysis of the ring moiety atoms. Therefore, identifying the type of interaction between Phe 
monomers allows the search for molecular compounds that alter the dynamics of the monomers and block the 
interactions between phenylalanine monomers that lead to aggregation.

The introduction of alanine monomers into phenylalanine fibers demonstrated a strong tendency for 
coaggregation, primarily mediated by hydrogen bonds. The alanine monomers were attracted to the terminal 
regions of the phenylalanine fibers, forming stable hydrogen bonds that contributed to the overall structural 
integrity. The RDF profiles for N-O distances in phenylalanine and alanine showed similar coordination spheres, 
indicating that alanine interacts with phenylalanine residues at the N terminus or carboxylic terminus with 
equal probability. This reinforces the idea that the interaction between alanine and phenylalanine is primarily 
electrostatic. Visualization of the aggregation identified that the coaggregation occurs at the surface of the 
phenylalanine fibers. Normally, when phenylalanine fibers bind to other dissolved amino acids, a series of 
interactions can occur that affect the aggregation dynamics, solubility, and toxicity of the aggregates, which 
have significant implications for health and cell biology. In this case, the interaction between alanine and 
phenylalanine fibers is stable, which could lead to the formation of pathological structures.

Overall, this study highlights the importance of both electrostatic and hydrophobic interactions in the 
aggregation behavior of phenylalanine and its coaggregation with alanine. The findings provide valuable 
insights into the molecular mechanisms driving the formation and stability of these aggregates, which could 
have implications for understanding similar processes in biological systems.

Computational details
Molecular Dynamics (MD) simulations have been performed with the Gromacs (Groningen Machine for 
Chemical Simulations) v. 2019.1 software32 and OPLSAA33 force field. The periodic boundary conditions 
(PBC)34 to minimize edge effects in a finite system were considered. For each system, the molecules were 
located in the centre of a cubic box of 6 nm3 and the box system was solvated with TIP5P35 water model. In 
all molecular dynamics simulations, a cut-off distance of 0.9 nm was applied for both van der Waals and short-
range electrostatic interactions to ensure an optimal balance between computational efficiency and accuracy 
in capturing relevant non-bonded interactions. Long-range electrostatics were treated using the Particle Mesh 
Ewald (PME) method with standard GROMACS settings Energy minimization was carried out using the 
steepest-descent algorithm with 200000 simulation steps. To equilibrate the system, 10 ns MD simulations were 
carried out in the canonical ensemble NVT with position restraint, And the temperature was regulated with the 
V-rescale thermostat at 309.65 K. To determine the average properties of the systems, An MD simulation was 
performed in isothermal-isobaric ensemble with the Parrinello-Rahman barostat with a reference pressure of 1 
bar, V-rescale thermostat with 309.65 K And a simulation length of 500ns.

For the analysis of phenylalanine (Phe) self-assembly, five systems of varying concentrations of Phe 
monomers were prepared, specifically 100, 200, 300, 400, And 500 molecules, which for simplicity the different 
Phe concentrations will be expressed as the number of monomers required to achieve a specific mole fraction 
in biological systems, relative to the number of water molecules needed to maintain the appropriate density, 
depending on the simulation box. See Table 2, which shows the Phe concentration, number of water molecules, 
mole fraction, and molarity. To ensure reproducibility and assess the robustness of the aggregation dynamics, 
five independent simulations were performed for the Phe100 and Phe200 systems, whereas two independent 
simulations were conducted for Phe300, Phe400, and Phe500. Despite the different number of replicates, all 
systems exhibited consistent aggregation trends, which justified selecting one representative simulation for 
detailed analysis. Additionally, to explore the coaggregation behavior of alanine (Ala) with Phe fibrils, ten 
independent 500 ns simulations were carried out. In these simulations, a pre-formed Phe fiber derived from the 
final configuration of the 200-monomer system was used as the initial template, with 100 Ala residues added 
to evaluate the potential of Phe fibrils to recruit non-aromatic residues into the aggregate under controlled 
conditions.

To further corroborate our findings, the RMSD (Root-Mean Squared Deviation), SASA (Solvent Accessible 
Surface Area), and RDF (Radial Distribution Function) analyses were calculated using Gromacs tools. We also 
analyze the non-covalent interaction (NCI) using the Multiwfn program36 to reveal intra And intermolecular 
interaction between phenylalanine monomers. Finally, the plots were made in Gnuplot v. 5.437 and the manuscript 
images were created and rendered by Visual Molecular Dynamics (VMD)38 software.

Phenylalanine (molec.) Solvent TIP5P (molec.) χ Molarity (M)

100 6153 0.016 0.77

200 5269 0.037 1.54

300 4387 0.064 2.31

400 3657 0.099 3.08

500 2829 0.150 3.85

Table 2.  System composition: number of phenylalanine monomers, TIP5P water molecules, molar fraction 
(χ), and calculated molarity (M) in a 6 nm cubic simulation box.
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Data availability
The data supporting the findings of this study were generated through all-atom molecular dynamics simulations. 
The simulation input files, trajectories, and analysis scripts are available from the corresponding author upon 
reasonable request.
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