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ABSTRACT: Pauling and Corey expected that a racemic mixture would result in a
rippled β-sheet, however, it has been known from experiments that the racemic mixtures
of triphenylalanine lead to a herringbone structure. Because of the theoretical limitations
concerning crystal structures such as rippled β-sheet, it is inevitable to understand how
the interplay of the amino acids prefers a specific structural motif. In this paper we use
molecular dynamics to understand the sequence- and enantiomer-dependent structures
by comparisons between rippled β-sheet and pleated β-sheet, solvated and anhydrous
rippled β-sheet, and rippled β-sheet and the herringbone structure, based on
thermodynamics and structures at the atomic level. The tripeptides select the favored
structure that can be stabilized through aromatic or hydrogen bonding interactions
between tripeptides. Furthermore, the solubility is determined by the environment of
space that is created around the side chains. Our findings provide comprehensive insight
into the crystallized fibril motif of the polypeptide.

Amyloid-β (Aβ) is an aggregating peptide believed to be
the seminal etiological agent of Alzheimer’s Disease

(AD).1 The FDA recently approved antibody-based methods
to target aggregated Aβ, but their efficacy remains very limited,
and treatment is often found to lead to harmful side-effects,
such as cerebral bleeding.2−5 Recently, as one of the various
strategies for developing treatments for AD, Aβ Chiral
Inactivation (Aβ-CI) was proposed that mixing the D-amino
acids in equal proportion to the L-amino acids of Aβ 40 and 42
residue assemblies might aggregate as racemic fibrillar
assemblies that might suppress formation of neurotoxic
oligomeric species.6−10 This suggested that the blending of
D-Aβ might lead to thermodynamic and kinetic effects that
favor formation of the rippled β-sheet structure in D,L-Aβ
fibrils, preventing formation of the L-fibrils. This motivated our
study comparing the stability of the pleated β-sheet (the
conventional β-sheet) and the rippled β-sheet structures and
how they depend on the chirality.
Between 1951 and 1953, Pauling and Corey conceived the

concept of the “pleated β-sheet”, known as the conventional β-
sheet, and the “rippled β-sheet” predicted from theoretical
considerations.11,12 They predicted that heterochiral/racemic
mixtures, where D- and L-peptides are alternately aligned,
would form rippled β-sheets, whereas the homochiral/
enantiopure form pleated β-sheets. The pleated β-sheet has
become a common textbook example, whereas the rippled β-
sheet has remained obscure for decades. Extensive research
conducted on proteins adopting the pleated β-sheet has led to
profound understanding of this motif.13−16 In contrast, initial

experimental evidence for the rippled β-sheet being viable did
not emerge until the 1970s.17−20 In fact, much of the critical
momentum for the rippled β-sheet came together over the past
decade.6,10,21−29 The X-ray structural foundation for the
rippled β-sheet is only now beginning to emerge,22,30,31 and
the theory foundation for the rippled β-sheet remains
extremely limited.
Intriguingly, there are racemic mixtures that do not form the

rippled β-sheet structure. Since phenylalanine (Phe, F or f) is
hydrophobic with a bulky side chain and tends to favor
crystallization due to its relative rigidity, the mixtures of (L,L,L)-
triphenylalanine (FFF) and (D,D,D)-triphenylalanine (fff) are
expected to be the smallest peptides potentially capable of
forming a rippled β-sheet.31 However, crystallization led to a
herringbone structure ([FFF:fff]n), composed of repeating
rippled β-sheet dimer units (FFF:fff) instead of the rippled β-
sheet.31 To obtain an extended rippled β-sheet layer, it was
found that replacing the middle residue in FFF and fff by L-
and D-tyrosine (Tyr, Y or y) to form FYF and fyf, respectively,
or tryptophan (Trp, W or w) to form FWF and fwf,
respectively, increased the solubility of the tripeptides.22

They succeeded in obtaining periodic antiparallel rippled β-
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sheets (solvated [FYF:fyf]n and [FWF:fwf]n) which they
compared with the parallel pleated β-sheet ([FYF:FYF]n)
and herringbone structure ([FFF:fff]n).

22,31

In this paper, we investigate the following questions using
molecular dynamics (MD) simulations of solvated [FYF:fyf]n,
[FYF:FYF]n, [FWF:fwf]n, and [FFF:fff]n, starting with X-ray
crystal structures where available, to establish both the
thermodynamics and structures of rippled β-sheet, pleated β-
sheet, and herringbone structures at the atomic level:22,31

(1) Comparing the rippled β-sheet of solvated [FYF:fyf]n
and the pleated β-sheet structures of [FYF:FYF]n, why
does FYF form a crystallized rippled β-sheet when mixed
with fyf, instead of self-sorting from each other and
aggregating into homochiral [FYF:FYF]n forms?

(2) Comparing the solvated rippled β-sheet of solvated
[FYF:fyf]n and the anhydrous rippled β-sheet of
[FWF:fwf]n, why is [FYF:fyf]n soluble in water but
[FWF:fwf]n is not, forming a racemic rippled β-sheet
structure? What role does water play in stabilizing the
peptides in solvated [FYF:fyf]n?

(3) Comparing the rippled β-sheet of solvated [FYF:fyf]n
and the herringbone structure of [FFF:fff]n, why does
[FFF:fff]n form the herringbone structure instead of a
rippled β-sheet structure?

Our studies aim to address these questions, revealing how
the interaction between the mirror images of tripeptides can
induce crystallization with unique properties to specific types
of crystal structure. Our findings indicate that the stability of
the crystallized fibril structures is achieved by forming a
configuration that prevents steric hindrance while allowing
strong binding between side chains. The environment
generated by this arrangement of side chains allows the fibril
to be solvated by water, stabilizing the racemic fibril. We hope

to utilize these insights to provide valuable guidelines for
designing potential therapeutic agents for neurodegenerative
diseases including AD. We also examine the feasibility of using
solvated agents to provide valuable clues.

■ METHODS
We started with the unit cells of solvated [FYF:fyf]n,
[FYF:FYF]n, [FWF:fwf]n, and [FFF:fff]n from X-ray crystallog-
raphy (Figure S1).22,31,32 We then created supercells
containing 72 to 128 tripeptides (4536 to 8192 atoms) for
use in MD studies. The number of tripeptides, water
molecules, and atoms in these supercells is summarized in
Table S1. Additionally, based on these supercells, we generated
[fyf:fyf]n, anhydrous [FYF:fyf]n, and [FFF:fff]n with rippled β-
sheet and [FYF:fyf]n with herringbone structure.
We used the GROMACS MD software33 with the

CHARMM36 force field (FF)34 to describe the interatomic
interactions of the tripeptide and the TIP3P35 FF to describe
the water molecule.
The temperature and pressure were controlled by the

modified Berendsen36 thermostats and Berendsen37 barostats
with coupling constants of 1 and 2 ps at 300 K and 1 bar,
respectively. We set the time step as 2 fs and employed the
Particle-Mesh Ewald method38 for long-range electrostatic
interactions. The cutoff distances were chosen as 1.5 nm for
both van der Waals and electrostatic interactions. The linear
constraints solver (LINCS) algorithm39 was used to impose
constraints on bonds with H atoms.
We ran isothermal-isobaric ensemble (NPT) MD 10 times

for 2 ns each using force restraints that gradually reduced the
force applied to the side chain by factors of 2 until it reached 0
from 1000 over 12 ns. Similarly, we reduced the force applied
to the backbone until it corresponded to 0 over 8 ns (Figure
S2). After this, we ran NPT MD without restraints for 20 ns

Figure 1. Snapshots from molecular dynamics (MD) simulations at 300 K of (A) rippled β-sheet solvated [FYF:fyf]n, (B) pleated β-sheet
[FYF:FYF]n, (C) rippled β-sheet [FWF:fwf]n, and (D) herringbone structure [FFF:fff]n equilibrium states. The initial structures were obtained by
X-ray crystallography.
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followed by canonical ensemble (NVT) MD for 20 ns using
the equilibrium lattice parameters determined from the NPT
run. Finally, we ran NVT MD for an additional 10 ns to
produce the results. The final structures of the four different
systems are shown in Figure 1.
To validate how well the systems obtained from

crystallography kept their cell sizes throughout MD simulation,
we compare the lattice parameters obtained from X-ray
crystallography and MD supercell simulations in Table S2.
They remain similar in size with a difference less than 4.39%.
Furthermore, the root-mean-square deviation (RMSD) of the
backbone relative to the backbone from crystallography is less
than 0.1 nm during the last 10 ns (Figure S3).
Experimental results demonstrate that enantiopure FYF

([FYF:FYF]n) forms the pleated β-sheet motif, while FYF and
fyf adopt the rippled β-sheet motif while incorporating water
molecules (solvated [FYF:fyf]n).

22 Thus, it is not thermody-
namically favorable for FYF and fyf to self-sort into chiral
entities when heterochiral molecules are mixed. Using the
difference in the total energy of the bulk structure and single
tripeptides, defined as the cohesive energy density (CED), we
predict the thermodynamic stability. We analyzed the CED for
solvated [FYF:fyf]n, [FYF:FYF]n, artificially generated [fyf:-
fyf]n, and anhydrous [FYF:fyf]n to form both pleated β-sheet
and rippled β-sheet structures (Table 1). These results indicate

that solvated [FYF:fyf]n with the rippled β-sheet motif is
substantially more stable than [FYF:FYF]n and [fyf:fyf]n with
the pleated β-sheet motif, explaining why FYF and fyf do not
self-sort.
The increased stability of rippled β-sheet-solvated [FYF:fyf]n

compared to pleated β-sheet [FYF:FYF]n can be understood
from a structural perspective. Figure 2A shows that the
solvated [FYF:fyf]n backbones form hydrogen bonding (HB)
interactions, leading to the formation of rippled dimers, and
that they form salt bonds with adjacent rippled dimers. Figure
2E shows that the backbones of the pleated β-sheet
[FYF:FYF]n form salt bridge and HB interactions similarly,
but unlike solvated [FYF:fyf]n, the homochiral system forms
HB interactions between the backbone and phenol of the side
chain in Figure 2F. Examining the interactions between side
chains, solvated [FYF:fyf]n shows aromatic interactions
between the phenol groups of the middle residues (Tyr) that
are positioned perpendicular to the salt bridge and facing each
other (Figure 2B). The FYF and fyf adopt either a parallel
displacement (Figure 2C) or a Y-shaped aromatic interaction
(Figure 2D) between the benzene rings. Similarly, we find that
[FYF:FYF]n, predominantly demonstrates a π−π stacking
interaction between phenols or benzene rings (Figure 2G) and
parallel displacement between benzenes (Figure 2H).
We analyze the average number of HB interactions (NHB)

normalized by the number of tripeptides (Npeptide) within each
system. The NHB of solvated [FYF:fyf]n is higher than that of

[FYF:FYF]n, but excluding interactions with water molecules,
the NHB of [FYF:FYF]n is higher. These findings are consistent
with the CED result, demonstrating that solvated [FYF:fyf]n is
more stable than [FYF:FYF]n and [fyf:fyf]n, while anhydrous
[FYF:fyf]n is the least stable.
Additionally, through a comparison of non-bond interaction

energy (Enb), combining Lennard-Jones and Coulomb
interaction energy and normalized by Npeptide, between
backbones or side chains, we first note that the contribution
of aromatic interactions between side chains outweighs that of
interactions between backbones (Figure S6). The Enb values
between backbones or side chains in the solvated [FYF:fyf]n
are notably stronger compared to those in [FYF:FYF]n. Our
calculations demonstrate that the interactions between side
chains in solvated [FYF:fyf]n are more favorable than those in
[FYF:FYF]n. The stronger interactions in solvated [FYF:fyf]n
result in its backbone and side chain having diffusion
coefficients (D) 1.85 and 1.77 times slower than those for

Table 1. Cohesive Energy Density (CED) of Solvated
[FYF:fyf]n, [FYF:FYF]n, Artificially Generated [fyf:fyf]n, and
Anhydrous [FYF:fyf]n

CED (kJ/mol/nm3)

Solvated [FYF:fyf]n −1046.11
[FYF:FYF]n −864.29
[fyf:fyf]n −852.68
Anhydrous [FYF:fyf]n −671.55

Figure 2. Hydrogen bonding (HB) or aromatic interaction in solvated
[FYF:fyf]n and [FYF:FYF]n in terms of various perspectives between
backbones or side chains. (A, E) Multiple HB interactions between
backbones. Solid arrows represent the distance between atoms that
form HBs, while dashed arrows indicate the distance between atoms
that are too far apart to engage in HB interactions. (B) Aromatic
interaction between two phenols. (C) Parallel displacement aromatic
interaction between benzene rings. (D) Y-shaped aromatic interaction
between benzene rings. (F) Multiple HB interactions between the
phenol of the side chain and the C termini of the backbone. (G) π−π
stacking aromatic interaction between benzene rings or phenols. (H)
Parallel displacement aromatic interaction between benzene rings.
Gray, blue, red, and white denote C, N, O, and H, respectively.
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[FYF:FYF]n based on the two-phase thermodynamics (2PT)
analysis40 (Table S3).
The solvated [FYF:fyf]n is significantly more stable

thermodynamically than artificially created anhydrous [FYF:-
fyf]n (Table 1), indicating the crucial role of water molecules in
stabilizing the system. Next, we investigate solvated [FYF:fyf]n
and [FWF:fwf]n, both of which select the rippled β-sheet, as
well as artificially created anhydrous [FYF:fyf]n to understand
the role of water in the stability. In anhydrous [FYF:fyf]n
(Figure 3A) and solvated [FYF:fyf]n (Figure 3C), the two
phenol groups that are parallel to the salt bridge pack to form

an empty space between them because they interact at
distances of 4.68 and 4.64 Å, respectively. However, in the
solvated [FYF:fyf]n this empty space is filled by 6 water
molecules that participate in HB interaction with the OH of
the phenol groups, with the N and C termini of the peptide, or
with each other, forming a HB network that contributes
considerably to stabilizing solvated [FYF:fyf]n. All water
molecules in solvated [FYF:fyf]n are in this empty space
(Figure S7).
In contrast, [FWF:fwf]n containing bulkier Trp in place of

Tyr, does not lead to empty regions between the Trp side

Figure 3. (A) The hydrogen bonding (HB) interactions in the vacant region between phenols or C and N termini of tripeptide in artificially
generated anhydrous [FYF:fyf]n. (B) The HB interactions among 6 water molecules and C and N termini of tripeptides in solvated [FYF:fyf]n. (C)
The HB interactions of the 4 Trp side chains from the top and side view and the empty space between the Trp and Phe side chains from the tilt
view in [FWF:fwf]n. Gray, blue, red, and white denote C, N, O, and H, respectively. (D−F) Electric potentials of tripeptides of (D) anhydrous
[FYF:fyf]n, (E) solvated [FYF:fyf]n, and (F) [FWF:fwf]n, respectively. The color changes from red to white to blue as the charge changes from
negative to zero to positive.

Figure 4. (A) The initial and equilibrium structure of the artificially created [FFF:fff]n with rippled β-sheet form by replacing the OH end of the
middle Tyr side chain from the anhydrous [FYF:fyf]n with rippled β-sheet. The substituted benzene ring replacing the phenol interacts in Y-shaped
aromatic interactions with a neighboring benzene ring. (B) The initial and equilibrium structure of the artificially generated anhydrous [FYF:fyf]n
with herringbone structure by adding OH at the end of the middle Phe side chain for the [FFF:fff]n with herringbone structure. The substituted
phenol and benzene rings interact in parallel aromatic interactions. Gray, blue, red, and white denote C, N, O, and H, respectively.
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chains because the rippled β-sheet structure is stabilized by
interactions between Trp’s in a T-shape arrangement (Figure
3E top and side views). Despite there being spaces for water
incorporation between the benzene rings (Figure 3E tilt view),
it remains anhydrous because benzene rings surround this
empty space, leading to a hydrophobic environment with much
lower polarity than that of anhydrous [FYF:fyf]n (Figure 3B
and F). Despite having the same rippled β-sheet structure, a
hydrophilic environment surrounding the empty space is
required for dissolution in water. Thus, the packing of
hydrophilic side chains is pivotal in shaping these empty
spaces.
Indeed, even though both are racemic mixtures, solvated

[FYF:fyf]n forms a rippled β-sheet, while [FFF:fff]n is
anhydrous, displaying a fibril structure with a herringbone
structure. A key difference between Phe-Phe-Phe and Phe-Tyr-
Phe lies in the hydroxyl (OH) group located at the end of the
middle residue of Tyr.22 We generated [FFF:fff]n with rippled
β-sheet by substituting OH with H in the Tyr of the anhydrous
[FYF:fyf]n with rippled β-sheet and then equilibrating in the
same manner as in the other systems. Figure 4A shows that the
equilibrium state of the [FFF:fff]n with rippled β-sheet cannot
sustain its structure. In the solvated [FYF:fyf]n with rippled β-
sheet, the phenols interact with water molecules in a direction
parallel to the salt bridge, but in the [FFF:fff]n with rippled β-
sheet, as the phenol is replaced by benzene rings, it prefers
stabilizing through π−π interactions with an adjacent benzene
ring, as shown in Figure 4A, rather than those positioned
distantly and diagonally. Indeed, the CED of the [FFF:fff]n
with rippled β-sheet is substantially higher than that of the
herringbone structure (Table S5). Consequently, despite being
a racemic mixture, [FFF:fff]n stabilizes the system by selecting
the herringbone structure instead of the rippled β-sheet.
On the other hand, we also generated the anhydrous

[FYF:fyf]n with herringbone structure by substituting H with
OH as Tyr in the [FFF:fff]n with herringbone structure and
compared the CED (Table S5). In contrast to the rippled β-
sheet [FFF:fff]n, the herringbone structure anhydrous
[FYF:fyf]n is relatively stable due to the aromatic interaction
among the benzene rings and phenols of FYF:fyf rippled dimer
in a parallel displacement arrangement (Figure 4B), thereby
preventing steric hindrance as in the herringbone structure
[FFF:fff]n (Figure S8). However, the rippled β-sheet of
anhydrous [FYF:fyf]n is more stable than the herringbone
structure. This is because the aromatic interaction between
phenols is much stronger within the rippled β-sheet than the
aromatic interaction in the form of parallel displacement
between phenol and benzenes in a herringbone structure.
From our findings, we discovered that the arrangement of
tripeptides is determined by the strong interaction between
side chains.
In this study, we investigated the influence of the chemical

nature of side chain on the racemic tripeptide fibril motif with
the aim of providing the basis for understanding the fibril motif
found crystallographically for these tripeptides that we hope
will be useful for designing and developing AD therapeutic
agents utilizing Aβ-CI. We examined various tripeptide fibrils
using conducted MD simulations to analyze the equilibrium
structures to achieve comprehensive insights into the
thermodynamic basis for structural stability. Our investigations
revealed that the stability of the racemic structure is attained by
adopting an arrangement of side chains that prevents steric
hindrance while promoting strong binding interactions

between the side chains. The specific arrangement of side
chains in solvated [FYF:fyf]n generates an environment that
allows water to solvate the fibril, dramatically enhancing
stability. New insights include the following:
(1) By comparing the rippled β-sheet structure of solvated

[FYF:fyf]n with pleated β-sheet, [FYF:FYF]n, and
[fyf:fyf]n, we discovered that the rippled β-sheet is
thermodynamically more stable with water. We attribute
this stability to the strong HB interactions with water
molecules and aromatic interactions. Consequently, the
mixture of FYF and fyf prefers the rippled β-sheet motif
of the racemic dimer.

(2) By comparing the solvated rippled β-sheet [FYF:fyf]n
with anhydrous rippled β-sheet [FYF:fyf]n and
[FWF:fwf]n, we found that in solvated [FYF:fyf]n,
water molecules dissolve into the empty spaces formed
by a pair of phenols, stabilizing the system by forming a
HB network with solvated water molecules, neighboring
phenols, and the N and C termini of the tripeptides. The
solubility of water is enhanced and determined by the
environment of the empty space.

(3) By comparing the rippled β-sheet and the herringbone
structure for anhydrous [FYF:fyf]n, we discovered that
the stability of racemic Phe-Tyr-Phe with the herring-
bone structure is relatively low, while the rippled β-sheet
motif provides stronger aromatic interaction between
side chains. In contrast, comparing the rippled β-sheet
and herringbone structure of [FFF:fff]n, we found that
replacing the phenols of Tyr with benzene increases the
distance between benzenes, preventing aromatic inter-
actions. This leads to destruction of the rippled β-sheet
structure, forming instead the herringbone structure that
allows interaction with adjacent benzenes.

This computational study highlights the importance of
interactions between polypeptides in stabilizing crystallized
fibrils, which we hope provides comprehensive understanding
of racemic polypeptide fibrils that may extend beyond
tripeptides, to design potential therapeutic agents of neuro-
degenerative disease including AD through Aβ-CI.
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Figure S1 shows the initial unit cell obtained from X-ray
crystallography. Figure S2 shows the change of the force
applied to the systems during NPT MD simulation.
Figure S3 shows the change in RMSD of systems
obtained from X-ray crystallography. Figure S4 shows
representative MD snapshots of anhydrous [FYF:fyf]n
and [fyf:fyf]n. Figure S5 shows the optimized FYF, fyf,
FFF, and fff configurations with potential energy. Figure
S6 shows the Enb between BB-BB and SC-SC in the
solvated [FYF:fyf]n and [FYF:FYF]n. Figure S7 shows
the probability of finding water molecules and the
projected snapshot of solvated [FYF:fyf]n. Figure S8
shows the 8 tripeptides of [FFF:fff]n with several HBs
between backbones and parallel displacement aromatic
interaction among the benzene rings. Table S1
summarizes the number of peptides, water molecules,
and atoms for all systems. Table S2 compares the lattice
parameters of the supercell obtained from X-ray
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crystallography and the equilibrium lattice parameters
from MD simulation. Table S3 compares the diffusion
coefficients of BB and SC in solvated [FYF:fyf]n and
[FYF:FYF]n. Table S4 lists the number of HB
interactions in solvated [FYF:fyf]n and [FYF:FYF]n.
Table S5 shows the CED values for [FFF:fff]n and
anhydrous [FYF:fyf]n with a herringbone structure and
rippled β-sheet structure. (PDF)
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