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ABSTRACT

The aggregation of amphipathic peptides into f-sheet rich structures is a hallmark of several neurodegenerative
disorders such as Alzheimer's disease and Parkinson's disease. At the molecular level, the toxic mechanism of
these peptides involves an increase in the permeation of the cellular membrane, which starts with the partition of
nonpolar and polar residues at the water-lipid interface that facilitates aggregation. Here, we study this process
using all-atom molecular dynamics simulations in four model peptides composed of 4 phenylalanine (F), 2 lysine
(K), and 2 glutamic acid (E) under three solvent conditions. In two sequences, nonpolar and charged amino acids
alternate along the chain (FKFEFKFE and FFKKFFEE), and, in the other two sequences (FFFKFEKE and
FFFFKKEE), they are segregated to the N- and C-terminals. Peptides are solvated in water and octane to study
aggregation in hydrophilic and hydrophobic solvents, respectively. In all simulations, peptides aggregate
promptly, adopting mostly random coil conformations; except for FKFEFKFE, which spontaneously forms p-sheet
conformations in water that resemble the cross-beta structures found in amyloid diseases. Aggregation takes
place with a lower free energy of dimerization in octane compared to water. Simulations are also performed in a
water—octane to mimic the water-lipid interface where amyloid peptides aggregate before damaging cell
membranes. All peptides are spontaneously attracted to this polar-nonpolar interface which corresponds to a
minimum in the free energy profile. At the interface, peptides generally exhibit low backbone interaction en-
ergies with a high content of secondary structure. The types of secondary structure formed in the system depend
on the sequence pattern. In addition, the arrangement of polar and nonpolar residues modulates the free energy
profile of peptide transfer from water to octane, and monomers adsorb at the interface more preferentially than
the p-sheet dimer. These findings provide insights into how sequence pattern and solvent environment influence
peptide aggregation, secondary structure formation, and interfacial behavior.

1. Introduction

protofibrils, eventually forming insoluble pleated f-sheets that are the
main constituents of amyloid fibrils and plaques [3]. The accumulation

The putative mechanism triggering Alzheimer's disease is the loss of
amyloid beta (Ap) homeostasis, which results in its gradual accumula-
tion in the brain and the formation of low molecular weight aggregates
known as oligomers. These aggregates are formed both in solution and at
the water-lipid interface of cell membranes [1,2]. The latter process
disrupts the integrity of the lipid membrane, contributing to Af toxicity.
Oligomers can further aggregate into larger structures known as

of these fibrils in the brain leads to inflammation, oxidative stress, and
disruption of normal cellular processes, contributing to neuronal
dysfunction [4]. This aggregation process is highly sensitive to the Ap
sequence wherein single point mutations can accelerate the aggregation
process, reducing the onset age of Alzheimer's disease [5]. Since Alz-
heimer's disease arises from the aggregation of A peptides into toxic
oligomers that impair brain function, it is essential to elucidate the
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mechanisms of aggregation and the effects of peptide sequence and
solvent conditions.

Experimental studies on AP peptide mutations have demonstrated
that variations in sidechain size and charge significantly impact the
aggregation process. The E22G mutation is notable for significantly
accelerating the aggregation of AB42 and leading to an increased for-
mation of toxic oligomers, contributing to early-onset Alzheimer's dis-
ease pathology [5]. Studies on short peptide self-assembly have
confirmed that different peptide sequences can lead to various structural
outcomes, including the formation of distinct nanostructures or the
absence of fibrils [6,7]. In addition to genetic factors, environmental
conditions such as the presence of ethanol can further modulate Ap42
behavior. A research study investigated the effect of ethanol at varying
concentrations (0 to 7.2 M) on AB42 pentameric assemblies (Afp) [8].
The study concluded that ethanol concentrations up to 1.4 M do not
significantly destabilize APp. However, at the highest concentration of
7.2 M, ethanol led to the complete disassembly of App into monomeric
Ap42 [8]. Environmental factors also play a significant role in peptide
self-assembly; for instance, dialanine (AA) and diphenylalanine (FF)
form self-assembled structures in water but not in methanol, as
demonstrated by simulations and experiments [9]. In summary, exper-
imental studies show that peptide sequence and environmental factors
significantly affect aggregation and structural properties. However, ex-
periments have a limited capacity to observe molecular interactions,
demonstrating the importance of computational simulations for a more
comprehensive understanding.

Computational simulations have become essential for understanding
the atomic-level dynamics of aggregation. For example, a computational
study on a small molecule named doxorubicin (DOX) has demonstrated
how solvent interactions significantly influence aggregation, accounting
for diffusion coefficients that vary across different solvents. In addition,
studies of interfacial environments have revealed that DOX aggregates
rapidly at these interfaces. This study showed how the magnitude of
DOX-DOX compared to DOX-solvent interactions changed with the
nature of the solvent [10]. For DOX, hydrogen bonding was shown to
drive aggregation in water, whereas aggregation in dimethyl sulfoxide
(DMSO) and other organic solvents is predominantly driven by
n-stacking interactions [10]. Although computational studies offer
valuable insights into molecular behavior, they encounter difficulties in
studying full-length Ap peptide aggregation due to the high computa-
tional demands and complex modeling of Ap peptides. Consequently,
several studies have focused on shorter fragments, such as the hydro-
phobic core Afi6_22, which are crucial for understanding p-sheet for-
mation [11-14]. Short amphipathic peptides, like FKFEFKFE (labelled
F1), also serve as effective models for examining peptide self-assembly
mechanisms [15-17] because of their strong tendency to form p-sheets
[18,19] and simpler composition than Afg 22. Studies on these model
peptides have helped to shed light on the effects of individual residue
types in aggregation. In addition to the effects of different environments,
aggregation at solvent interfaces also plays a significant role in biology.
A case in point is the lipid—-water interface of cell membranes that plays a
crucial role in peptide aggregation, influencing the kinetics and struc-
tures formed in this process. Depending on the properties of the inter-
face, the latter process can lead to the formation of channel-like
structures that can cause membrane damage [15,20-27]. Accordingly,
investigating peptide aggregation at water-hydrophobic interfaces, such
as the water-octane interface, provides valuable insights into the for-
mation of f-sheets and amyloid structures, which are crucial for un-
derstanding peptide interactions within biological membranes [28,29].

Amyloid formation is generally considered as a property of poly-
peptide chains [30]. Accordingly, short or designed peptides provide
useful models for studying amyloid structure and aggregation [31].
Experimental studies have shown that F1 peptides self-assemble into
cross-p fibrillar structures as demonstrated by AFM studies, which
revealed helical ribbons with a pitch of approximately 20 nm [32,33].
Subsequent investigations have shown that their assembly behavior is
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sensitive to factors such as sequence length [34], hydrophobicity [18],
and salt concentration [35]. In addition, F1 peptides have been widely
used to investigate the role of chirality in peptide self-assembly
[19,36,37]. Recently, cryo-EM studies have provided atomic-level
structural insights, revealing diverse morphologies such as ribbons
and nanotubes under minor variations in conditions [38]. These findings
highlight the sensitivity of F1 peptide assembly to molecular details,
making it an ideal model system for studying sequence- and solvent-
dependent aggregation behavior. Here, we investigate how different
patterns of polar and nonpolar amino acids influence peptide aggrega-
tion in different hydrophobic environments using all-atom molecular
dynamics simulations. Four model peptides are used in this study,
namely, FKFEFKFE (F1), FFKKFFEE (F2), FFFKFEKE (F3), and
FFFFKKEE (F4). Aggregation is studied in a polar (water) and a nonpolar
(octane) solvent as well as at the interface (water—octane) between these
solvents. We find that peptide aggregation is energetically favorable in
octane, with peptides predominantly adopting coil conformations. In
contrast, aggregation in water takes place with peptides F1, F3, and F4
forming f-sheets, and peptide F2 forming a-helices. At the water-octane
interface, peptides segregate polar residues to water and nonpolar res-
idues to the octane phase. Low backbone interaction energies and a high
percentage of secondary structure are observed at the interface, partic-
ularly for F1. Potential of mean force (PMF) profiles reveal that peptides
in both random-coil and B-sheet configurations are preferentially
located at the interface. In addition, we find that alternating sequence
patterns facilitate peptide transfer from water to octane compared with
segregated polar-nonpolar sequences. Transfer from water to octane is
more favorable for the p-sheet dimer than for two monomers, whereas
monomers exhibit a stronger preference for adsorption from water to the
interface than the p-sheet dimer. These findings show the significant
influence of environmental conditions and sequence patterns on peptide
aggregation, providing insights into the aggregation and conformational
behavior of amphipathic peptides in different solvent environments.

2. Methodology
2.1. Molecular dynamics simulations

All-atom molecular dynamics (MD) simulations are performed to
investigate how the distribution of polar and nonpolar amino acids
along the peptide sequence affects aggregation in different solvent
conditions. Four distinct amphipathic peptides are studied: FKFEFKFE
(F1), FFKKFFEE (F2), FFFKFEKE (F3), and FFFFKKEE (F4). In these se-
quences, nonpolar amino acids are represented by the letter F (Phenyl-
alanine), whereas negatively and positively charged amino acids are
represented by the letters E (Glutamic acid) and K (Lysine), respectively.
To maintain structural integrity, the N- and C-terminals of the peptide
are capped with an acetyl group (COCH3) and an amino group (NHy),
respectively.

The aggregation behavior of the peptides is studied in pure water and
pure octane solutions as well as at the water—octane interface. The TIP3P
(Transferable Intermolecular Potential with 3 Points) model is employed
for water [39], and the CHARMM36m force field is used to account for
the topology of peptides and octane [40-43]. Details of the simulation
setup are outlined in Table 1. The MD simulations implemented in the
GROMACS 2021.5 software [44] are performed in the NPT ensemble for
1 ps. The last 100 ns are used for analysis. To assess the temporal sta-
bility of aggregation behavior, peptide-peptide hydrogen bonds were
additionally analyzed using 200 ns block averages throughout the 1 ps
trajectories. Sequence-dependent trends remained consistent across the
simulations, with small fluctuations observed during the last stages
(Fig. S1). The equations of motion are solved using the Leapfrog algo-
rithm with an integration time step of 2 fs. Periodic boundary conditions
are applied in all directions. A cut-off of 1.2 nm is used for both the
Lennard-Jones and the real-space part of the electrostatic interactions.
Long-range electrostatic interactions are treated using the particle-mesh
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Table 1
List of simulations of all environments.
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Peptides Box size (nm®) No. of Peptides Solvents No. of Solvents Concentration (mM) Temperature (K)
9.85 x 9.85 x 9.85 10 Octane 3,221 17.37 350 310
F1 10.06 x 10.06 x 10.06 10 Water 32,210 16.30 350 310
9.87 x 9.87 x 15.36 10 Water-Octane 32,210/1,600 11.10 350 310
9.93 x 9.93 x 9.93 10 Octane 3,221 16.98 350 310
F2 10.06 x 10.06 x 10.06 10 Water 32,210 16.30 350 310
9.86 x 9.86 x 15.35 10 Water-Octane 32,210/1,600 11.11 350 310
9.89 x 9.89 x 9.89 10 Octane 3,221 17.14 350 310
F3 10.06 x 10.06 x 10.06 10 Water 32,210 16.32 350 310
9.87 x 9.87 x 15.36 10 Water-Octane 32,210/1,600 11.11 350 310
9.88 x 9.88 x 9.88 10 Octane 3,221 17.20 350 310
F4 10.06 x 10.06 x 10.06 10 Water 32,210 16.31 350 310
9.86 x 9.86 x 15.34 10 Water-Octane 32,210/1,600 11.14 350 310

Ewald (PME) method [45,46], with the reciprocal-space interactions
evaluated on a 0.12 nm grid with cubic interpolation of order four. All
bond lengths are constrained by the P-LINCS algorithm [47]. Peptides,
water, and octane are thermostated separately at 350 K using the Par-
rinello-Donadio-Bussi velocity rescale algorithm [48]. The Parri-
nello-Rahman barostat [49] is isotropically applied in the x, y, and z
directions. Pressure is held constant at 1 bar using a time constant of 1 ps
and a compressibility of 4.5 x 107> bar~!. The Visual Molecular Dy-
namics (VMD) software [50] is used to visualize molecules. To evaluate
the reproducibility of the aggregation behavior, two additional inde-
pendent simulations of all peptides are performed in water, octane, and
water-octane systems at 350 K for 500 ns. Furthermore, additional
simulations of all peptides are performed at 310 K for 500 ns with three
replicas. The aggregation behavior and secondary structure content
observed at 310 K is qualitatively similar to the results observed at 350 K
as shown in Figs. S2, S3, and S4.

2.2. Molecular interaction analysis

All analyses are performed using tools provided in the GROMACS
software package. Clustering was defined such that peptides were
considered to belong to the same cluster when the minimum distance
between any atoms of the peptides was within 0.35 nm [51,52]. The
coordination number is defined by the average number of solvent mol-
ecules (water or octane) surrounding a given amino acid residue within
the first coordination shell. It was calculated by integrating the radial
distribution function (RDF) between each residue type and the corre-
sponding solvent from zero up to the first minimum, which defines the
boundary of the first coordination shell. A hydrogen bond [53] is formed
when the distance (ryp) between donor and acceptor groups is < 0.35
nm and the hydrogen-donor-acceptor angle (ayp) is < 30°. The align-
ment of the peptide with respect to the interface is determined by
measuring the angle between two vectors: one connecting the Ca atoms
of the first and last residues of each peptide, and the other being the z-
axis (perpendicular to the interface). The radius of gyration (Rg) is
calculated using the position of the Ca atoms, and the end-to-end dis-
tance (Dyy) is defined as the distance between the Ca atoms of the first
and last residues of each peptide. Conformational free energy landscapes
were constructed from the joint probability distribution of Rg and Dyy
using the Boltzmann relation: AG(Rg,Dyy) = — kgTInP(Rg, Dnn), where
AG(Rg, Dnn) is the free energy at a given pair of Rg and Dyy values, P
(Rg, Dnn) is the normalized probability of observing that conformation,
kg is the Boltzmann constant, and T is the system temperature. Sec-
ondary structure of peptides is determined using the Dictionary of Sec-
ondary Structure in Proteins (DSSP) tool [54]. Backbone interaction
energies are calculated as the sum of electrostatic and van der Waals
components for the relevant atom groups.

2.3. Solvation free energy of peptides in pure solvents

The solvation free energy was calculated using the three-dimensional

reference interaction site model (3D-RISM). In the calculation, the solute
conformations used were taken from the MD simulations of monomer
and dimer peptides that were performed in the pure water and pure
octane for 1 ps. The peptide conformations were sampled every 1 ns. For
the solvents, TIP3P [39] and the CHARMMS36 united-atom force field
[55] were used for water and octane, respectively. The united-atom
(UA) model was chosen to improve numerical stability and conver-
gence in 3D-RISM calculations. The previous studies suggest that UA
reproduces solvation free energies in reasonable agreement with
experimental data [56-59]. The solvent-solvent correlation functions of
the solvents were obtained by RISM with Kovalenko-Hirata closure (KH
closure) [60]. The 3D-RISM equation coupled with the KH closure was
solved on a grid of 128 x 128 x 128 points with a spacing of 0.5 A. All
RISM and 3D-RISM calculations were performed using the Reference
Interaction Site Model Integrated Calculator (RISMiCal) package
[61,62].

2.4. Potential of mean force profiles

The potential of mean force (PMF) profiles for the translocation of a
single peptide and a f-sheet through the water—octane interface are
calculated by umbrella sampling with the weighted histogram analysis
method (WHAM) [63,64]. Simulations were conducted under the NPT
ensemble at a temperature of 350 K. A harmonic restraint with a force
constant of 3,000 kJ mol nm > was applied to pull the peptide
movement across the interface from water to octane phases along the z-
axis. The distance between the center of mass (COM) of the peptide and
the center of the octane phase was varied systematically from O to 5 nm
with the increments of 0.1 nm. Each window was simulated for 50 ns,
and the trajectories from the last 5 ns were extracted for free energy
calculations. Statistical errors in the PMF were estimated using boot-
strap analysis [64]. To evaluate the stability of the dimer configuration
along the reaction coordinate, the minimum inter-peptide distance was
calculated for each umbrella sampling window using the last 5 ns of
simulation. A configuration was defined as a dimer when the minimum
distance between the two peptides was less than 0.5 nm [65,66].

3. Results and discussions
3.1. Peptide aggregation in water and octane solutions

In simulations performed in water and octane solutions, 10 peptides
are initially distributed randomly in the box. As time evolves, they
promptly aggregate into a single cluster as quantified by the size of the
largest cluster in Fig. 1a. For all peptides, the size of the largest cluster
reaches the maximum value of 10 before the end of the simulation. This
takes place faster, accounting for more stable clusters (i.e., clusters with
less fluctuations in their sizes), in octane (green line) compared to water
(blue line). This behavior is consistently observed in the independent
replicate simulations (Fig. S5). The structures of the different clusters
formed in water and octane solutions at the end of the simulation are
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Fig. 1. Aggregation dynamics and final configurations for all peptide sequences. (a) Time evolution of the peptide count in the largest aggregate cluster with a cut-off
of 0.35 nm, comparing water (blue) and octane (green) environments. Final configuration snapshots of peptide aggregates in (b) water and (c) octane, with amino
acid residues colour-coded: phenylalanine (white), lysine (blue), and glutamic acid (red). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

illustrated in Fig. 1b and 1c, respectively. Visually, charged (lysine, K,
and glutamic acid, E) residues in these clusters appear more exposed to
the solvent in water (panel b) than in octane (panel c). Characterization
of amphiphilic molecules in water shows that they form aggregates with
polar groups oriented toward the surrounding water, whereas the hy-
drophobic chains cluster in the inner core [67]. In contrast, clusters in
panel ¢ show a preferential exposure of nonpolar (phenylalanine, F)
residues to the solvent in octane. This preferential interaction of charged
residues with water and of nonpolar residues with octane is quantified in
Fig. 2 by computing the coordination number of solvent molecules
around lysine, glutamic acid, and phenylalanine residues in simulations
performed with F1 peptides. The preferential interaction with water is
indicated by a significantly larger coordination number of water mole-
cules around lysine and glutamic acid (> 14) when compared to
phenylalanine (~6). In octane, the coordination number of octane
molecules around phenylalanine is slightly larger (~4.8) than around
lysine and glutamic acid (< 3). Notice that these preferences are inde-
pendent of the amino acid sequence, as shown in Fig. S6 for peptides
F2-F4. This hydrophobic core influences the formation of secondary
structures [68].

F1 Coordination Number
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E5 1571 mLysine
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© ©
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Fig. 2. Coordination number, defined as the number of solvent molecules
within the first coordination shell, for each residue of the F1 peptide in pure
water and pure octane. Residue types are colour-coded: gray for phenylalanine,
blue for lysine, and red for glutamic acid. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
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3.2. Hydrogen bond formation

To provide insights into the different cluster structures formed dur-
ing aggregation, we focus on hydrogen bond (Hbond) formation. In
simulations performed with F1 peptides in water, Fig. 3a shows that
initially the numbers of peptide-peptide (black line) and pepti-
de-solvent (red line) Hbonds increase and decrease, respectively. This is
consistent with a picture where peptides aggregate during the simula-
tion and, thus, interact less with the solvent and more with each other
[69,70]. Furthermore, the total number of peptide-peptide Hbonds in
water is decomposed into Hbonds formed only by atoms of the same
chain (intra-peptide, cyan line) and Hbonds involving atoms of two
different chains (inter-peptide, magenta line). Inter-peptide Hbonds
dominate over intra-peptide Hbonds for sequences F1 (Fig. 3a), F3, and
F4 (Fig. S7), which could be indicative of p-sheet formation. In contrast,
F2 peptides in water mainly form Hbonds within the same peptide
(Fig. S7). This may be indicative of a-helical conformations when
Hbonds are formed between residues i and i + 4.

Fig. 3b shows the same quantities for simulations performed in oc-
tane. The latter solvent is neither a donor nor an acceptor of Hbonds.
Therefore, the observed exchange of peptide-solvent (red line) for
peptide-peptide (black line) Hbonds in water (Fig. 3a) does not take
place in octane. Without being able to form Hbonds with octane, pep-
tides interact more with each other by forming significantly more intra-
peptide (cyan line) Hbonds, which, in contrast to simulations performed
in water, dominate over inter-peptide (magenta line) Hbonds for all
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peptide sequences studied here (Fig. 3b and Fig. S7).

Fig. 3c investigates how peptide-peptide Hbonds are formed by
decomposing this quantity into contributions from backbone-backbone,
backbone-sidechain, and sidechain-sidechain interactions. First, we
find that the total number of peptide-peptide Hbonds (black bars) in
octane is larger than that in water. This is because, in octane, Hbond
donor and acceptor groups of the peptide can only be passivated by
interactions with other peptide atoms, whereas, in water, they can also
be passivated by interacting with the solvent. Second, Fig. 3¢ shows that,
in water, Hbonds are formed mostly between two sidechain moieties
(yellow bars) or between two backbone groups (purple bars) with only a
small number of cross backbone-sidechain (red bars) interactions. In
contrast, cross backbone-sidechain Hbonds are formed in large numbers
in octane, which is inconsistent with the formation of secondary struc-
tures, such as a-helices or B-sheets (see Table S1).

In summary, the picture that emerges from our simulations is that,
independently of the amino acid sequence, peptides F1 to F4 aggregate
in polar (water) and nonpolar (octane) solvents, forming stable clusters.
In octane, this is driven by the need to minimize exposure of the pep-
tide's charged moieties to the solvent, leading to their burial in the
interior of the aggregates, where they form a large number of pepti-
de-peptide Hbonds. The latter involves simultaneously sidechain and
backbone atoms of mostly the same peptide, which does not allow for
the formation of secondary structures (see Fig. 4b). Accordingly, DSSP
analysis (Table S2) shows that peptides in octane remain largely disor-
dered despite the high number of hydrogen bonds. In water, charged
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Fig. 3. Hydrogen bond analysis of peptides in different environments. The number of hydrogen bonds formed between F1 peptides (a) in water and (b) in octane.
Peptide—solvent, peptide—peptide, inter-peptide, and intra-peptide hydrogen bonds are represented by red, black, magenta, and cyan, respectively. (c) The average
number of peptide-peptide (black) hydrogen bonds over the last 100 ns of simulations, categorized as backbone-backbone (purple), backbone-sidechain (red), and
sidechain-sidechain (yellow), averaged across all peptide sequences. Error bars indicate standard deviations. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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(b) Octane

F3 F4

Fig. 4. Snapshots of the final configurations for all peptide sequences in (a) pure water and (b) pure octane.

sidechains interact favorably with the solvent, while nonpolar side-
chains interact less with water. This leads to a partitioning of polar and
nonpolar residues at the peptide-water interface, with backbone atoms
positioned between these groups. As a result, Hbonds are primarily
formed between sidechain-sidechain and backbone-backbone groups,
with a dominant contribution from inter-peptide interactions, while
backbone-sidechain interactions play a minor role. This hydrogen
bonding pattern supports the formation of ordered secondary structures.
Consistently, DSSP analysis (Table S2 and Fig. S3) shows that secondary
structure formation is sequence dependent. In pure water, F1 exhibits
the highest p-sheet structure and F2 preferentially forms a-helices. On
the other hands, F3 and F4 remain largely disordered with only minor
secondary structure formation. These aggregation behaviors are quali-
tatively supported by visualizations (Fig. 4a). The strong p-sheet pro-
pensity observed for F1 is consistent with previous experimental and
computational studies showing that FKFEFKFE peptides self-assemble
into p-sheet-rich structures [32,33,71].

3.3. Solvation free energy of peptides in the bulk solvent

The F1 peptide was selected as a representative sequence to inves-
tigate how the solvent environment affects solvation free energy. Table 2
summarizes the solvation free energies in pure water and pure octane
solutions. The difference in solvation free energy between water and
octane (AGwater—0ctane = GOctane — Gwater) for both the monomer in its
random-coil conformation and the dimer is positive, indicating that
water stabilizes both peptide conformations more effectively than the
nonpolar solvent. Notably, the energy difference for two monomers (2
X AGwater—0Octane = 442.70 kJ/mol) is larger than that for the dimer
(432.64 kJ/mol), suggesting that dimerization reduces residue exposure
to solvent. In both solvents, the solvation free energy change associated
with forming a dimer from two monomers is negative, indicating that

Table 2

Solvation free energies of F1 peptides in monomeric and dimeric conformations
in pure water (Gwater), in pure octane (Goetane) and the difference between
solvents shown as AGwater-Octane-

Peptide Solvation Free Energy (kJ/mol)
Conformation
Gwater Goctane AGwater-»0ctane
Monomer —610.63 + 38.00 ;52228 * 221.35 + 44.66
—1,385.40 + —952.76 +
Di g 2.64 £ 71.
imer 64.85 57.99 432.64 £71.47

peptide aggregation is thermodynamically favorable. In addition, the
more negative dimerization free energy (AG2Menomer—Dimer _ cDimer _ 5
x GMomomery n  octane (—174.20 kJ/mol) compared with water
(—164.14 kJ/mol) indicates enhanced stabilization of peptide aggrega-
tion in the hydrophobic environment. This thermodynamic trend is
consistent with Fig. 1a, which shows that stable aggregation is observed
in octane, whereas aggregation in water displays greater fluctuations
over time.

3.4. Self-assembly at the water—octane interface

Amphipathic peptides are favorably attracted to polar-nonpolar in-
terfaces due to their composition of both hydrophobic and hydrophilic
amino acids. This includes air-water [14,22,72,73] and lipid-water in-
terfaces [21,22,28,29,74] as well as interfaces created by hydro-
phobic-hydrophilic solvents. At these interfaces, amphipathic peptides
can aggregate and form oligomeric structures that can damage lipid
membranes [15,20,24-27]. These interfacial environments are impor-
tant for understanding peptide adsorption, self-assembly, and aggrega-
tion behavior. To provide insights into these interfacial effects, we study
the aggregation of peptides F1 to F4 at the sharp interface of a water-
—octane biphasic system (Fig. 5). This interfacial environment imposes
unique constraints on peptide mobility, restricting their motion to a two-
dimensional plane [28], which accounts for a distinct aggregation
behavior that significantly differs from what is observed in homoge-
neous solvents.

Amino acid partitioning at the water—octane interface is quantified in
Fig. 6 by computing the coordination numbers between residues and
solvent molecules in F1 peptide simulations. Given that the surface area
of an octane molecule is approximately eight times larger than that of a
water molecule, the coordination numbers in water are geometrically
expected to be significantly higher. However, the coordination numbers
of phenylalanine with water and octane are remarkably similar. This
deviation from geometric expectations indicates that this nonpolar
amino acid has a strong preference for the octane phase. Conversely,
lysine and glutamic acid (charged amino acids) show negligible inter-
action with octane (coordination number ~ 0), but strong interactions
with water. This preferential exposure of charged residues to water is
observed for all peptides (Fig. S8) and is consistent with results from
simulations in pure water and pure octane (Fig. S6). Due to their flexi-
bility, peptides can change their conformation and alignment to opti-
mize the partitioning of charged and nonpolar residues at the
water-octane interface. Fig. 7a shows the angle distribution between
each peptide (vector connecting the first and last Ca atoms) and the z-
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Fig. 5. (a) Side-view snapshot of the F1 peptide and (b) top-view snapshot of all peptide sequences in the final simulation frame for the water-octane system,
showing peptides of all sequences localized at the interface. Peptides are shown in orange, the water phase in blue, and the octane phase in green. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Coordination number within the first coordination shell for each residue
type in the F1 peptide at the water-octane interface, shown separately for
residue-water and residue-octane interactions: phenylalanine (gray), lysine
(blue), and glutamic acid (red). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

axis (direction perpendicular to the interface) to quantify the structural
changes. The most probable angles for peptides F1, F2, F3, and F4 are
~85°, 70°, 67°, and 59°, respectively. This indicates that the F1 peptide
tends to align nearly parallel to the interface, but the F4 peptide adopts
perpendicular orientations. The width of the angular distributions
(Table S3) further illustrates their behavior. F1 peptides adopt a highly
ordered and restricted orientation, whereas F4 peptides show the
broadest distribution, indicating greater conformational flexibility. F2
and F3 sequences show intermediate characteristics in both their
orientation angles and distribution widths. The most constrained
orientation occurs when the segregation line separating polar and
nonpolar residues (yellow line in Fig. 7b) aligns parallel to the interface,
an arrangement that minimizes unfavorable solvent exposure. This
result is consistent with the orientation of F1, F2, F3, and F4 peptides
and the segregation of polar and nonpolar residues at the water-lipid
membrane interface [24]. Peptides with narrow angular distributions
and parallel orientations at the interface (e.g., F1) adopt highly ordered
arrangements and promote backbone alignment between neighboring
peptides. This alignment facilitates the formation of inter-peptide
backbone hydrogen bonds, supporting B-sheet formation as observed
in amyloid assemblies [75,76]. The interpretation is consistent with the

high p-sheet content for F1 in Table S2. In contrast, peptides with broad
angular distributions adopt less ordered arrangements and disrupt
backbone alignment between neighboring peptides. These behaviors
decrease the formation of inter-peptide backbone hydrogen bonds and
cause the low p-sheet content for F4 in Table S2. These results show the
important role of sequence pattern in governing peptide orientation and
subsequent p-sheet formation at the interface. This orientation-
dependent backbone alignment highlights the role of interfacial envi-
ronments in influencing peptide organization and secondary structure
formation.

3.5. Peptide conformations and secondary structure formation at the
water—octane interface

The sequence-specific placement of nonpolar and charged residues
significantly influences both peptide conformation and secondary
structure formation at the water-octane interface. Fig. 8 presents the
distributions of the radius of gyration (Rg) and end-to-end distance
(Dnn). For F1 peptides (Fig. 8a), the lowest free energy is observed at
high values of both Rg and Dyy;, indicating the extended conformations
of B-strand structures. This behavior has also been observed for amyloid-
B on lipid membranes. The amyloid-p protein adopts extended confor-
mations that promote B-sheet formation more effectively than the
compact conformations observed on the membrane [77]. F3 and F4
peptides (Figs. 8c and 8d) are also distributed around high Rg and Dyyn
values, but their broader distributions compared with F1 suggest that
their extended structures are less stable, with small $-strand propensity
(see Fig. 9a) and a high likelihood of adopting compact structures.

In contrast, F2 peptides (Fig. 8b) exhibit a multimodal distribution
with three distinct regions corresponding to a-helical, compact coil, and
stretched coil conformations. The global free energy minimum for F2
peptides aligns with the a-helical region, indicating a strong preference
for a-helix formation—unlike the other sequences. Consistently, o-he-
lices are only observed in F2 peptides (Fig. 9b), while F1, F3, and F4
peptides favor f-strands or disordered conformations. This trend is
consistent with membrane studies reporting high p-sheet propensity for
F1 and a-helical propensity for F2 [24,78]. Notably, the conformational
landscapes at the water—octane interface differ significantly from those
in bulk solvents. In octane, the lowest free-energy states correspond to
compact peptide conformations (Table S4). The nonpolar environment
drives this compaction by enhancing peptide-peptide interactions. In
contrast, peptides in water favor more extended conformations, except
for F2 peptides, because they can form hydrogen bonds with sur-
rounding water molecules, which stabilize the open structures and
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F4 (blue). Side-view snapshots show representative peptide configurations with the water and octane phases displayed in blue and green, respectively. Phenylalanine,
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residue: phenylalanine (F) in gray, lysine (K) in blue, and glutamic acid (E) in red. The yellow line indicates the segregation between polar and nonpolar residues.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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results in a broader range of Rg and Dyy values (Fig. S9). At the inter-
face, competing interactions from both phases further reorganize the
peptides, producing conformational states that are similar to those
observed in bulk water but more restricted. These findings suggest that
the interface imposes spatial constraints limiting conformational di-
versity and promotes well defined structural states compared to bulk
solvents.

Fig. 10 shows that the percentage of secondary structure and the

interaction energies between backbone atoms vary across different sol-
vent environments. A comparison of secondary structure
content—specifically f-sheets and a-helices—with backbone interaction
energies (comprising van der Waals and electrostatic components) re-
veals a clear correlation. In octane, peptides show relatively high
backbone interaction energies and form disordered structures. In
contrast, peptides in water show low backbone interaction energies
accompanied by partial formation of secondary structures. Interestingly,
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energies and higher secondary structure contents than the bulk solvent
environments. Additional time-evolution analyses of backbone interac-
tion energy, the percentage of secondary structure, and clustering
behavior are provided for the water system (Fig. S10) and the water-
—octane interface system (Fig. S11). The experimental and computa-
tional studies showed that AB42 is more efficient at aggregating in
membrane environments than in bulk solution [79-82]. Although pep-
tide behavior varies across solvent environments, F1 consistently shows
the lowest backbone interaction energy and the highest secondary
structure content compared with the other sequences within each
environment, highlighting the important role of its alternating polar and
nonpolar residue pattern in peptide aggregation behavior.

3.6. Potential of mean force profiles

Potential of mean force (PMF) calculations in Fig. 11a reveal that all
examined peptide sequences exhibit a strong preference for the water-
—octane interface. The PMF computed in bulk water is used as our
reference, i.e., PMF(water) = 0 kJ/mol. Despite being made of the same
eight amino acids, the transfer free energy from bulk water to bulk oc-
tane, i.e., APMF"™e" — PMF(octane) — PMF(water), is different for the
four peptides. The value is large for sequences with segregated charged
and nonpolar residues and small for sequences with alternating residue
patterns because the order and type of amino acids determine

(b)
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Fig. 11. PMF profiles of peptides moving across the interface from water to octane phases. (a) Comparison of PMF profiles for single peptides in random coil
conformations for each peptide sequence, with F1, F2, F3, and F4 peptides represented by orange, green, pink, and blue, respectively. (b) PMF profiles for the F1
peptide, showing the monomeric peptide in orange and the B-sheet peptide dimer in purple. Error bars represent bootstrap standard deviations. The error in all
systems is less than 2 kJ/mol. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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intramolecular and peptide-solvent interactions, leading to sequence-
dependent free energy profiles. Among all sequences, F1 (orange line)
and F4 (blue line) peptides show the strongest and weakest preference
for the interface, as they exhibit the lowest and highest free energy
values at the interface. This is consistent with the broad angular distri-
bution observed for F4 peptides in Fig. 7a, which reflects increased
peptide flexibility at the interface.

Fig. 11b compares the PMF profiles of an F1 monomer in a coil
configuration and an antiparallel p-sheet dimer. For the F1 peptide, the
dimer PMF was calculated for a representative f3-sheet-associated state
to examine how peptide association in a p-sheet configuration influences
transfer across the water—octane interface. Therefore, the resulting PMF
describes the transfer behavior of this specific conformation. Both con-
figurations preferentially localize at the water—octane interface. The free
energy required to transfer the B-sheet dimer from bulk water to bulk
octane is smaller than that required for two monomers, i.e., A
PMF"™f (3 _ sheet dimers) < 2 x APMF™* (monomers). This
dicates that the peptide association in the specific f-sheet conformation
reduces the energetic cost of transferring two monomers to octane. This
reduction can be attributed to increased peptide-peptide interactions,
which decrease the number of peptide atoms exposed to the solvent.
Conversely, two monomers exhibit a stronger preference for the inter-
face than the p-sheet dimer, i.e., APMF"3er=interface(s _ sheet dimers) >
2x  APMF"ater=interface monomers). At the interface, charged and
nonpolar residues are favorably partitioned to the water and octane
phases, respectively, but exposure of these residues to the solvent is
reduced for p-sheet dimers compared to monomers. For F2-F4 peptides,
the dimer state is not consistently maintained along the reaction coor-
dinate, with dissociated configurations observed in several umbrella
sampling windows, particularly in the water environment. The corre-
sponding dimer fractions for all peptides are shown in Fig. S12. There-
fore, PMF calculations were not performed for F2-F4 dimers due to the
instability of the dimer state.

in-

4. Conclusion

This study used all-atom molecular dynamics simulations to inves-
tigate the role of amino acid sequence patterns on peptide aggregation
across distinct environments of pure water, pure octane, and water-
-octane interface. Four peptides with identical compositions (4
phenylalanine, 2 lysine, and 2 glutamic acid residues) but different
sequence arrangements (F1: FKFEFKFE, F2: FFKKFFEE, F3: FFFKFEKE,
F4: FFFFKKEE) were systematically compared to reveal how residue
ordering influences aggregation and secondary structure formation. In
summary, our simulations show that:

e The hydrophobic environment of octane induced the prompt for-
mation of a single stable cluster wherein the solvation free energy
favored dimer formation over separated monomers. Charged side-
chains were found enclosed within these clusters, minimizing their
unfavorable interaction with the nonpolar solvent. Numerous back-
bone-sidechain hydrogen bonds were formed in these clusters at the
expense of backbone-backbone hydrogen bonds, which impeded the
formation of secondary structures in octane.

In water, single clusters were also formed, but with nonpolar

phenylalanine residues enclosed in the interior of the aggregates and

charged residues exposed to the solvent. Accordingly, polar back-
bone atoms were left to form hydrogen bonds with other backbone
atoms, enabling the formation of secondary structures: p-sheets for

F1, F3, and F4 peptides, and a-helices for F2.

e At the water—octane interface, peptides exhibited a behavior that is
distinct from the one observed in bulk solvents. They were found to
localize preferentially at the interface, orienting nonpolar sidechains
to the octane phase and polar/charged sidechains to the water phase.
This partitioning of polar and nonpolar residues restricted the
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diffusion of peptides to the two-dimensional plane of the interface.
The F1 peptide (FKFEFKFE) showed the highest interfacial ordering
and rigidity, characterized by a more parallel alignment with the
interface, with the other sequences displaying the broad orienta-
tional distributions. Moreover, peptides at the interface exhibited
low backbone interaction energies together with high secondary
structure formation, which both properties varied across different
sequence patterns.

Potentials of mean force (PMF) were also computed to rationalize
results from all-atom simulations. These calculations revealed that the
transfer of amphipathic peptides from water to octane is highly unfa-
vorable. This behavior is more pronounced in sequences where polar
and nonpolar residues are segregated from each other as opposed to
alternating within the chain. In addition, the p-sheet dimer formed by
the alternating non-polar and charged residues (F1) exhibits a smaller
transfer free-energy difference from water to octane than two mono-
mers. In contrast, the favorable adsorption of peptides from water to the
water—octane interface emerges as nonpolar and polar/charged side-
chains partition to octane and water phases, respectively. This parti-
tioning is highly pronounced for monomers, which possess high
conformational flexibility and can readily reorient to optimize amphi-
philic interactions. On the other hand, the p-sheet dimer is constrained
by the inter-peptide backbone hydrogen bonds to reduce the solvent
exposure at the interface. These findings provide molecular-level insight
into how amphiphilic interfaces influence the adsorption, aggregation,
and organization of amphipathic peptides.

Despite the insights provided by this study, it is important to also
highlight its limitations. First, the model peptides used in this study were
carefully selected to allow for aggregation within a few microseconds,
which is the timescale accessible to computer simulations [17,83,84].
They are short (8 residues) and have an amino acid composition that is
highly simplified, i.e., made of only three amino acids. This contrasts
with the ~40 residues of many amyloid peptides that are made of a large
number of different amino acids. However, these model peptides retain
key features relevant to amyloid formation, such as amphipathic char-
acter and the ability to form similar cross-f structures [6,82]. In this
context, the simplified design enables the isolation of key physico-
chemical interactions, such as backbone hydrogen bonding, hydropho-
bic association, and sequence patterning effects, which are central to
amyloid aggregation but difficult to disentangle in full-length proteins.
Second, our study uses a simplified water-octane interface as a minimal
amphiphilic model to investigate peptide behavior at hydro-
philic-hydrophobic boundaries. Similar to biological membranes, the
water—octane interface contains distinct hydrophilic and hydrophobic
regions that can promote peptide adsorption at interfaces. However,
biological membranes are considerably complex and contain additional
features such as lipid headgroups, membrane charge, and diverse lipid
compositions, which influence peptide adsorption, insertion, and ag-
gregation pathways [77,85-90]. In addition, biological membranes
exhibit fluidity and bilayer asymmetry, which are not captured in the
present model. In contrast, the water-octane interface provides a well-
defined hydrophobic-hydrophilic boundary [28,29] that allows funda-
mental interfacial effects, such as peptide adsorption, hydrophobic
partitioning, and sequence-dependent structural organization, to be
examined in a controlled manner. Third, the simulations were per-
formed at a temperature of 350 K, higher than physiological tempera-
ture. Elevated temperature may influence aggregation kinetics and the
relative populations of secondary structures. Previous work on several
amphipathic peptides has shown that aggregation occurs slowly at low
temperatures, requiring substantially long simulations to observe com-
parable aggregation behavior [17]. Additional simulations performed at
310 K showed that the overall peptides behaviors remained qualitatively
similar to those observed at 350 K. Therefore, the findings presented
here are intended primarily to provide mechanistic insights into
sequence- and solvent-dependent aggregation behavior rather than
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peptide behavior under physiological conditions. These insights high-
light how subtle variations in amino acid sequence can dramatically
alter peptide self-assembly, structural preferences, and interfacial
behavior. Our results also contribute to understanding the interplay
between sequence pattern, solvent environment, and interfacial
behavior in influencing peptide aggregation and conformational
behavior.
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