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ABSTRACT: The identification of more efficient therapies for defeating severe degenerative diseases like
Alzheimer’s is a major goal of drug discovery research. Realizing this ambitious goal will likely require a series
of molecular insights that shed light on the fundamental mechanisms that drive the formation, growth,
stability, and toxicity of AB(1—40) amyloid fibrils, one of the most abundant species found in affected brain
tissues and potentially a major player in the progression of Alzheimer’s disease. Amyloid fibrils feature a
highly ordered and dense network of hydrogen bonds, a universal feature of all amyloid structures, which is
realized by a highly regular stacking of small S-units that are each stabilized by an intrapeptide salt bridge.
Here we report a series of molecular dynamics simulations of large-scale amyloid fibrils with local mutations
that result in the disruption of the key intrapeptide salt bridge. We demonstrate that mutations, through
alterations in the nature of the salt bridge, have a significant effect on the geometry and mechanical properties
of the amyloid fibril. We specifically observe a severe decrease in amyloid fibril periodicity (the period length)
of up to 43%, and extreme variations of the Young’s modulus (a measure of the fibril’s mechanical stiffness)
of up to 154%. These results confirm that, while on one hand side chains are not involved in the formation of
the f-strands composing the inner core of the amyloid structure, their presence, size, and interactions can be
crucial in determining the larger-scale properties of amyloid fibrils. Our results imply that interactions
mediated by side chains could be a potential target for novel approaches to drug design and the development
of molecular therapies for amyloid disorders such as Alzheimer’s disease, through the chemical deactivation of
key functional groups that are responsible for promoting the growth of the fibrils, for promoting their chemical

and mechanical stability, and for furthering their aggregation in amyloid plaques.

The socioeconomic impact of neurological disorders, and in
particular Alzheimer’s disease, is incredibly high, and growing as
our population ages. In the United States alone, according to the
Alzheimer’s Association, there are more than 5.3 million patients
and the total annual cost reaches $148 billion (/, 2). In the last 20
years, experimental findings have suggested different explana-
tions for the origin of these disorders. According to a common
hypothesis, this fatal neurodegenerative disorder is caused by the
aggregation and deposition of amyloid fibrils in brain tissues, and
this phenomenon is involved in neuronal atrophy typically
observed when the disease progresses (3). Amyloids are polypep-
tide molecules assembled into S-sheet-rich linear aggregates (4),
and as reported by Eisenberg and collaborators, almost all
complex proteins, even though not structurally similar, have
short segments that if exposed to an appropriate environment
(and sufficiently flexible) are capable of triggering amyloid
formation (J).

Even though amyloids were originally primarily associated
with the above mentioned neurodegenerative diseases, evidence
of functional roles (6—9) in different natural contexts such as
bacterial coatings, catalytic scaffolds, and epigenetic information
transfers confirms that the amyloid configuration is accessible to
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a wide variety of proteins and may even be utilized as a
physiological mechanism in some settings (10, 11). Moreover,
their highly ordered hierarchical structure makes amyloids a
powerful tool for creating interesting nanostructured materials
(12—106), given their exceptional sturdiness, elasticity, and
strength as well as their remarkable stability under chemical,
mechanical, and thermal stress (10, 17, 18). These issues explain
the increasing interest in amyloid protein materials from various
scientific communities (medical, materials science, biochemistry)
to identify links between their structure and pathological and
physiological properties.

Here we focus on the 2-fold symmetric AB(1—40) amyloid
fibrils that are directly related to Alzheimer’s disease (6). They are
formed after sequential cleavage of the amyloid precursor protein
(APP) that is expressed in many tissues and concentrated in the
synapses of neurons. The AB(1—40) amyloid fibril structure has
been identified through solid state nuclear magnetic resonance
(ssNMR) data (19), where it was found that it consists of a
single S-unit stabilized by a salt bridge (20—22) (Figure 1), and
the overall fiber is composed of the repetition of those units along
the fiber axis. The so-formed layers stack in register and display a
specific (2- or 3-fold) symmetry with respect to the growth
axis (23, 24), as well as a characteristic twist angle that is
homogeneously distributed along the fiber axis. The stability of
the resulting fibrous structure is partly due to a dense and highly
organized network of hydrogen bonds (here also abbreviated as
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FiGure 1: Visualization of the molecular structure of the 2-fold symmetric S-peptide amyloid fibril. (A) Side and top views of a 20-layer amyloid
fibril after relaxation (18, 24). (B) Detailed view of one layer of the 2-fold amyloid fibril. Residues D23 (aspartate) and K28 (lysine) are highlighted
using the CPK representation. These residues are responsible for the formation of the salt bridge stabilizing the S-turn configuration (19, 22) and
contribute to the maintenance of the shape of each layer due to both the strong interactions between the side chains and their specific length.

H-bonds). Generally, the amyloid configuration and properties
depend primarily on the dense H-bonds network involving the
backbone of the polypeptides (/0), while the side chains play a
more pronounced role in the definition of the geometrical details
and in the extension of the disordered parts of the structure.
Existing pharmaceutical strategies for curing Alzheimer’s
disease are based on targeting of the enzymes f- and vy-secre-
tase (25) or of the Af peptide itself (3) in the progression of the
disease using antibodies (26), peptide-based inhibitors (26—28),
and small molecules (29—32). Very recently, in vitro studies
demonstrated that flavonoids, which are polyphenolic com-
pounds particularly abundant in red wine and green tea, may
be useful in targeting the A peptide (33, 34). Moreover, the oral
administration of polyphenolic extracts to mice seems to reduce
the amyloid plaque burden and to improve memory and cogni-
tive ability (35, 36). Both in vivo and in vitro evidence suggest that
flavonoids are able to disrupt A peptide aggregates. A very
recent computational experiment showed that morin, one of the
most effective flavonoids, is able to bind the ends of an amyloid
fibril (37), thereby blocking the attachment of an incoming
peptide, and can penetrate into the hydrophobic core disrupting
the salt bridge [between residues D23 and K28 (for details, see
Materials and Methods and Figure 1)]. This is likely the result of
the combination of the hydrophobicity, aromaticity, and hydro-
gen bonding capacity of morin (37). Most importantly, this
finding implies that the salt bridge may play a key role in
stabilizing each layer composing the fibril, promoting the attach-
ment of new units and determining the geometrical and mecha-
nical properties of the overall amyloid fiber or perhaps the
plaque. Other information about the effect of the D23—K28 salt
bridge on the general stability of these fibrils is provided by the
ssNMR data (19, 23) and by atomistic simulations in explicit

solvent (38) conducted considering different Af fibril models
with different interpeptide interfaces, and staggering of the N-
and C-terminal S-strands along the fibril axis. In all cases, the
D23—K28 salt bridges are maintained at 298 K, while mutations
of loop residues, in the region of the salt bridge, are found to
enhance the flexibility of the fibrils at elevated temperatures (38).
All the recent studies mentioned above suggest a significant
role of the salt bridge in defining the properties of amyloids (37)
and call for a systematic investigation of the effect of alterations
of the nature of the salt bridge on structural and mechanical
properties. Specifically, the geometry of the Af peptide amyloid
fibril if the salt bridge were disrupted via the replacement of one
of its residues or both remains unclear. Furthermore, it is not
known whether the mechanical properties of the amyloid fibril
would change in the presence of mutations and whether the fibril
would retain its stability. Here, we address these questions
through series of molecular dynamics simulations conducted to
analyze the stability, geometry, and mechanical properties of
mutated AfS peptide amyloid fibrils. The addition of local
mutations presents a powerful approach to studying the main
factors determining the geometry and mechanical properties of
amyloid fibrils. From a medical point of view, such a study could
suggest new ideas of targeting possibilities for therapeutic
purposes, and it could clarify important details to enhance the
mechanical properties of amyloid fibrils that have been also
suggested as good candidates for nanotechnology applications.

MATERIALS AND METHODS

Amyloid Fibril Geometry Setup. The amino acid sequence
of the 2-fold ApS(1—40) amyloid fibril is DAEFRHDS-
GYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV (19).
According to the NMR data, the first eight residues exhibit
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structural disorder (/9), and the corresponding coordinates are
not yet available. Therefore, only the last 32 amino acids are
taken into account to build the fibrils. The first glycine of the
sequence (G) will be the reference point (G9) to indicate all the
other amino acid positions. On this basis, the aspartate (D)
and the lysine (K) forming a salt bridge are in positions 23 and 28,
respectively (Figure 1). As shown in previous studies (24, 39),
the structure of the relaxed 2-fold symmetric amyloid fibril
formed by the AS(1—40) peptide can be built through the
translation of the coordinates of one layer imposing the typical
p-sheet interlayer distance (4.8 A) and any interlayer twist
rotation (24). The subsequent relaxation process will drive the
fibril toward the optimized interlayer distances and twist angles:
the relaxed configuration of a 20-layer fibril (24) reported in
Figure 1A will be our reference for the evaluation of the changes
in the mutated fibrils in terms of geometry, chemistry, and
mechanics.

On the basis of the intrinsic structure of amyloid fibrils, the
mutations imposed in one layer will be repeated in all the other
layers composing the fibril. In this paper, three different muta-
tions will be studied: (i) aspartate (D) in position 23 replaced with
glycine (G), (ii) lysine (K) in position 28 replaced with glycine
(G), and (iii) both aspartate (D) 23 and lysine (K) 28 replaced
with glycine (G). These three mutations will be termed D23, K28,
and D23K28, respectively. The coordinates of a single mutated
layer have been obtained, substituting only the side chain of one
or both of the components of the salt bridge with the single
glycine side chain hydrogen. Following the same procedure used
for the nonmutated fibrils (24, 39), the layers are then copied
and translated along the fibril growth axis, imposing the typical
p-sheet interstrand distance (4.8 A). Therefore, the starting
configuration before equilibration consists of layers stacked on
top of each other without any interlayer rotation.

Molecular Dynamics Simulations. Atomistic simulations
are conducted using the CHARMM molecular dynamics pro-
gram (40). For modeling molecular interactions, the modified all-
atom CHARMM9 polar force field is used in conjunction with
an effective Gaussian model for the water solvent (4/). The
structural, chemical, and mechanical properties of many bio-
polymers (including amyloids) are strongly dependent on the
chemical environment and on the external conditions, including
the specific solvent, pH, temperature, and pressure. The utiliza-
tion of explicit solvent in molecular dynamics simulations
provides a computationally effective yet realistic description of
both the solute—solute and solute—solvent interactions (42). On
the other hand, the presence of solvent molecules typically
increases the size of the simulated system (i.e., the number of
atoms), resulting in a significant increase in the computational
cost. Implicit solvent models have been proposed to reach a good
compromise between computational efficiency and scientific
accuracy (41, 43). This model includes an effective solvent energy
contribution, expressed as a function of the molecular structure
and its conformation. The utilization of such a method accel-
erates the simulation efficiency because it provides an average of
the solvent effect and a decrease in the computational cost.
Moreover, frictional effects are not included, and the structural
reorganization toward the minimum energy average configura-
tion is easier than in the presence of explicit water models. The
simplification introduced by continuum solvent models acceler-
ates the sampling of molecular configurations (44—46), and its
success has been confirmed in many fields, such as pK, calcula-
tions, surface electrostatic potentials, solvation free energies, and
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ligand—receptor binding (47—50). On the other hand, there has
been discussion about the fact that implicit models should be
used cautiously, especially with large-scale simulations involving
dramatic conformational changes, such as protein folding (51),
because they may overestimate some energy terms (50).

Here, the choice of an implicit solvent model is dictated by the
size of the system, and its applicability is supported by earlier
studies, which compare the utilization of the explicit and implicit
models (52). These works were based on the implicit solvent
approach and validated against experiments (18, 53). Further, the
analysis reported here does not involve changes in the protein
conformation, and the interactions driving the equilibration of
the studied amyloid fibrils are mainly electrostatic and hydro-
phobic, which have been demonstrated to be correctly predicted
by implicit solvent models (50). The relaxation of a 20-layer Af
amyloid fibril in explicit solvent has been conducted as a
preliminary study in our group (results not shown), and from
the comparison with the results obtained utilizing the implicit
solvent model, the structural and chemical differences between
the final configurations did not seem to be significant.

In all cases, the initial structure (obtained as discussed in
Amyloid Fibril Geometry Setup) is first minimized to relax the
system to a favorable starting configuration and then equili-
brated at a constant temperature (using an NVT ensemble) of
300 K. The minimization consists of 10000 steepest descent (SD)
steps followed by 50000 adopted basis Newton—Raphson meth-
od steps. The subsequent relaxation is performed using the
Velocity-Verlet algorithm (VV2) with a time step of 0.001 ps.
No constraints are imposed to the system during energy mini-
mization and relaxation. The relaxation is performed until the
root mean square deviation (RMSD) of the protein structure
remains constant, ensuring that convergence is achieved during
the simulation. In all cases, the structures converge in a time
range of approximately 2.5 ns.

Mechanical Characterization. The analysis of the nano-
mechanical properties is performed by conducting constant-force
molecular dynamics experiments to simulate the compressive
deformation of the protein. The applied load is increased in
discrete steps followed by equilibration runs, lasting between 3
and 6 ns (depending on the time scale needed to reach structural
equilibrium), to simulate quasi-static loading. According to the
loading geometry, the bottom layer of the fibril is fixed and the
stress boundary condition is applied by imposing external forces
(F), equally distributed over the 64 amino acids composing the
top layer, in the direction of the fibril axis. Similar loading
conditions have also been applied in experimental studies (54).

The applied stress ranges between 0 and 0.13 GPa (in com-
pression) with variable loading increments. The applied stress ois
calculated by considering the rectangular cross-sectional area 4
of the fibril, via 0 = F/A. As done in ref /8, the average cross-
sectional area (A4) of each fibril is estimated according to the
average position of the valine (V12) and serine (S26) in the central
layer, which is less affected by the entropic effect than the layers
composing the tails of the fibril. This choice is justified by the
need to have a common calculation method for all the fibrils and
to take into account the diverse geometric variations driven by
both the local mutations and the thermal fluctuations. The cross-
sectional areas correspond to 1644.62, 1475.12, and 1364.16 A>
for D23, K28, and D23K28, respectively. In all cases, the fibrils
show a significant change in the cross-sectional area with respect
to the nonmutated one that features an average area of 1414.32
A% (18) (the change in the cross-sectional area is included in the
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F1GURE 2: Effects of the local mutations on the average twist angle and cross section of the amyloid fibril, for equilibrated structures. The images
show the top view of the relaxed fibrils that have none of the components of the salt bridge (D23K28) (A), only the aspartate in position 23 (K28)
(B), and only the lysine in position 28 (D23) (C). The positions originally involved in the formation of the salt bridge are represented in CPK

visualization to emphasize their location and structure.

mechanical analysis). The corresponding moments of inertia (1)
vary from 1.10071 x 10~ m* for the nonmutated fibril to values
of 1.07093 x 107, 1.202 x 107, and 1.80123 x 107*° m* for
D23K28, K28, and D23, respectively. Each simulation at a
particular applied load is conducted until the system reaches
the stability and the RMSD converges to a constant value
(typically within several nanoseconds). The average displacement
of the bottom and top layers is used to calculate the correspond-
ing engineering strain (/8), which is evaluated when the RMSD
has converged.

Geometrical and Chemical Characterization. The inter-
layer distance (d) of both the relaxed and deformed fibrils is
evaluated starting from the average position of the centers in the
top and bottom layers, while the twist angle w is calculated
considering the position of amino acid S26 as described in refs 24
and 39. In all cases, the geometrical parameters are evaluated
over the last 0.5 ns relaxation or constant force compression. The
corresponding periodicity (v) can be calculated using the equa-
tion v = dyQ/m,, where Q = 360° (24, 39), the periodicity being
defined as the length of the amyloid fibril needed to cover a
complete twist turn. During compressive loading, changes in the
twist angle from w, to w are observed, and the corresponding
winding—unwinding process is estimated calculating the relative
variations Aw = (0 — wg)/w.

We computed the number of H-bonds along the trajectories
using Visual Molecular Dynamics (VMD) (55) and imposing a
cutoff distance and cutoff angle of 4.0 A and 40°, respectively.
The reported values correspond to the average number of back-
bone H-bonds during the last 0.5 ns of each simulation. The same
software is used to generate all the molecular structures reported
in this work.

The error of all the calculated parameters (interlayer distance
and twist angle, total energy, number of H-bonds, and stiffness) is
estimated considering the corresponding RMSD evaluated over
the last 0.5 ns relaxation (this reflects a time scale on which
fluctuations of the systems are no longer significant).

RESULTS AND DISCUSSION

Geometric and Structural Characterization of Relaxed
Amyloid Fibrils. The relaxed configuration of amyloid fibrils
with different mutations is reported in Figure 1A (top and side
view) (18, 24). A homogeneous twist angle is found to be
distributed throughout the 20 layers composing the fibril. The
regularity of each layer is ensured by the salt bridge formed by
residues D23 and K28 (Figure 1B). The strong electrostatic
interaction and the size of the corresponding side chains impose
a specific molecular-level stiffness to each S-turn, reducing the
out-of-plane distortions and the effect of thermal fluctuations,
which remain evident only in the tails of each polypeptide.

We find that the presence of mutations that cause a complete
disruption of the salt bridge has a distinct effect on the geometry
of the final configuration, as revealed in Figure 2. The D23K28
fibril contains two mutations per S-turn (i.e., four mutations per
layer) and, therefore, neither of the two salt bridge components
(Figure 2A). It shows the smallest variation of the twist angle with
respect to that of the nonmutated fibril (Figure 3A). In this case,
the small glycine amino acids that replace the aspartate and the
lysine do not affect the configuration of the neighbor amino acids
that form the layer, and the stability depends only on the
hydrophobic interactions of the core structure and the H-bond
network between adjacent layers. The corresponding cross section
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FiGuRre 3: Comparison of geometrical, chemical, and energetic properties of the 2-fold amyloid fibrils, with and without mutations. (A) Average
interlayer twist angle, interlayer distance d, and number of H-bonds per layer for all cases considered. (B) Average total energy of equilibrated
fibrils. The results show that all mutated fibrils do not reach the lowest energy level of the nonmutated configuration. (C) Comparison of the
periodicity of amyloid fibrils. The results reveal a general trend toward lower periodicities, caused by the increase in the interlayer twist angle as
reported in panel A. (D) Secondary structure content for the reference case and mutations. In all cases, the structural parameters fluctuate around
the average values and the corresponding estimated errors for the interlayer twist angle and distance, for the number of H-bonds, and for the total
energy vary in the ranges of 1—8%, 2—4%, 1.3—1.7%, and 0.2—0.4%, respectively.

shows a planar extended configuration, and no specific interac-
tions involve the side chains of the amino acids composing the
same f-turn. For the same reason, the bent part of the S-turn,
slightly distorted in the nonmutated fibril, appears on average
more regular during the relaxation process.

A larger change in the twist angle is observed when the salt
bridge is not formed, but when at least one of the two compo-
nents is still present (Figure 2B,C). Without its partner in forming
the salt bridge, the remaining charged side chain determines
the increasing number of interlayer interactions and twist angle
(Figure 3). Both the aspartate (Figure 2B) and the lysine
(Figure 2C) when freed from the salt bridge interact with the
amino acids that belong to the same f-turn and thereby drive sig-
nificant distortions of each layer. In particular, the aspartate
residue tends to orient its side chain toward the center of the
p-turn to form a new H-bond with the hydroxyl group that
belongs to the side chain of residue S26. This interaction results in
a much distorted S-turn, and overall in a more disordered
amyloid fibril that has a decreased f-sheet content (Figure 3D).
The effect of the lysine (Figure 2C) is even more pronounced. It
has a charged, flexible side chain that is generally oriented toward
the center of the f-turn and in particular toward the backbone
oxygen of residue A21. The reason for this orientation is related
to both the steric constraint and the tendency of the charged side
chain to escape the hydrophobic inner core of the fibril that does
not allow it to orient in the opposite direction. The lysine
extension and interactions result in a narrower (-turn and, in
a manner different from the other cases, in an almost perfect
alignment of the two arms.

The structural differences observed among the fibrils reported
in Figure 2 suggest that the main contributions to the stability are
the hydrophobic interactions, H-bonding, and salt bridge for-
mation. Figure 3 shows the average geometrical parameters
extracted from the amyloid fibrils considered here. The presence
of a salt bridge makes the 5-turn extremely stiff and stable, and a
small interlayer twist angle (1.32°) is necessary to increase the
number of H-bonds and to optimize the intermolecular distances
(Figure 3A). When one of the components of the salt bridge is no
longer present, the 5-turns are more deformed and especially the
out-of-plane distortions allow wider movements that increase
that twist angle, change the H-bond network density, and
change the corresponding distribution of secondary structure
content. In particular, the largest twist angle (3.11°) is due to
the effect of the long and charged side chain of the lysine group
in the D23 fibril (Figure 3A). Finally, when the sequence lacks
both the components of the salt bridge, there are no additional
free side chains or other interactions that drive significant
distortions, and as a result, only a relatively small twist angle
(1.72°) can be achieved to increase the number of H-bonds and
make the structure stable.

Even though all mutated fibrils become more stable in an
attempt to balance the loss of the salt bridge, their energy remains
higher than those of the corresponding nonmutated versions
(Figure 3B). In particular, the highest energy corresponds to the
structure with two mutations per S-turn, confirming its inability
to optimize further the intermolecular distances and interactions.
From the analysis of the average secondary structure (Figure 3D),
it is evident that the high f-sheet content characteristic of the
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FiGURE 4: Comparison of the periodicities of the nonmutated and D23 fibril at the mesoscale (the D23 case is chosen here because it shows the
most severe change in the fibril periodicity among all mutations considered). Panels A and B show fibrils with lengths of ~48 nm (100 layers) and
22230 nm (500 layers), respectively. In both cases, the nonmutated fibril and the D23 fibril are shown in the top and bottom images, respectively.
The two protein parts that compose each fibril are colored red and blue to enhance the twist angle and the differences between the periodicities. The
severe increase in the twist angle per layer, and as a result the decrease in periodicity, is evident from the visualizations.

nonmutated fibrils is reached only in the D23 case, where the
remaining lysine plays a strong role in driving the movements of
the layers. Even though in this case the fibril features an average
number of H-bonds per layer that is slightly lower than those of
the other mutated fibrils, the presence of the lysine and the
corresponding strong interactions make the formed H-bonds
efficient in terms of the formation of ordered (-sheet layers,
resulting in a high S-sheet content and a small percentage of coil
configuration. This arrangement can only partially repair the
lack of the complete salt bridge, and the corresponding energy is
higher than that of the nonmutated fibril. In the other two cases,
we observe an increase in the 3-sheet content and a decrease in the
coil content; the side chain groups cannot promote further
stabilization and ordering of the structure even though the
number of H-bonds is slightly higher.

Among the mutated fibrils, the K28 case becomes the most
stable, showing also a relatively large number of H-bonds. This
apparent level of stability may be related to the high flexibility of
the layer that makes possible out-of-plane motions, making the
fibril more distorted, but allowing the optimization of interac-
tions even though the fibril is in a coil configuration. Altogether,
these observations suggest the importance of electrostatic inter-
actions in the promotion of the stability of amyloid fibrils and
show that if on one hand the twist motion represents a key
structural tool for optimizing the total energy, on the other the
formation of ordered layers is strictly related to the intralayer
interactions and to the intrinsic rigidity of each S-unit.

The change in the geometric properties of the fibrils due to the
local mutations results in all cases in a decrease in the corre-
sponding periodicity as shown in Figure 3C. According to a
proposed model (24, 39), the geometric information concerning
the interlayer distance and twist angle can be used to build fibers
of any length. Figure 4 reports snapshots of the geometry of
amyloid S-peptide fibrils with a length of ~48 nm (panel A) and
~230 nm (panel B). In both panels, a fibril with no mutations

(top) and a D23 fibril (bottom) are shown for comparison. The
difference in periodicity is evident, where the D23 mutation
causes an ~43.4% decrease in periodicity.

To enable a further analysis of the local motions and distor-
tions, we report the average distance between each a-carbon in the
mutated fibrils and the corresponding position in the nonmutated
relaxed Ap peptide (Figure 5). According to the used code, the red
color indicates a higher mobility and the largest distances are
observed in the K28 and D23 fibrils, where the remaining part of
the salt bridge directs the motions of the overall layer. The
D23K28 fibril shows a still large but homogeneous distribution
of the local distances along each f-turn, confirming the lack of
specific groups able to drive and localize further motions.

Mechanical Tests and Characterization. We continue the
analysis with a study of the mechanical properties of amyloid
fibrils with different mutations. Compressive loading tests are
performed on the three mutated fibrils, to shed light on the effect
of the salt bridge disruption on the mechanical properties of the
Ap peptide fibrils. It is noted that in the nonmutated configura-
tion, in both experiment and simulation, these fibrils showed a
very high Young’s modulus and a remarkable bending stiffness
corresponding to 12.43 GPa and 13.2 x 1072° N m?, respectively
(10, 17, 18). The stress—strain analysis of the D23K 28, K28, and
D23 systems reveals that in the last two cases, the elastic modulus
decreases to 4.47 £ 0.52 and 4.53 £ 0.72 GPa, respectively, while
the corresponding bending stiffness becomes 5.37 x 102% and
8.159 x 107 N'm? respectively. In the D23K28 fibrils, we find
that the Young’s modulus increases to 19.09 £ 5.55 GPa while
the bending stiffness reaches a value of 2.044 x 107> N m”.

These significant changes in the mechanical properties can be
explained on the basis of the molecular rearrangements of the
structure during the loading and the resulting pathway that each
side chain follows. Interestingly, as already observed in mechan-
ical tests of the nonmutated fibril (18), the compression mode is
coupled with a twisting movement, which is evident from the
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FIGURE 5: Average deviation of each a-carbon from the original position in the nonmutated, relaxed configuration: D23K28 (A), K28 (B), and
D23 (C). In panels B and C, the remaining part of the salt bridge (an aspartate and a lysine residue, respectively) is highlighted using the CPK
representation. The corresponding neighbors show a relatively high mobility with respect to the nonmutated fibril.
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FIGURE 6: Coupling of compression and twisting mode under axial deformation of amyloid fibrils. The panels report the variation of the twist
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and the dashed lines define the confidence interval.

calculation of variation of the average interlayer twist angle
(Figure 6). In particular, in the K28 and D23 cases, we observe
an increase in the average twist angle, which implies a winding
rearrangement process during compressive deformation
(Figure 6C,D). In the D23K28 fibril, however, compression
causes an opposite variation of the twist angle. This suggests
that during compressive loading the fibril experiences an un-
winding process (Figure 6B). Considering the atomistic details,
the variation of the twist angle is in all cases combined with the
increase in H-bond network density (Figure 8A,B). Such an
increment is caused by both the smaller interlayer distances
imposed by the loading and the twisting mode that is driven
by the relatively strong electrostatic interactions due to the
partial charge distribution among the atoms (in particular H,
O, and N).

The comparison of the twist angle variation between the
mutated and nonmutated fibrils shows that the mutation in
general weakens the ability of the fibril to rearrange the internal
structure through the twisting mode. For example, the twist angle

change at 0.4% strain is 223% in the nonmutated fibril, 7% in
the K28 fibril, and ~2% in the D23 fibril. In the D23K28 case,
the variation of the twist angle for a strain in the range of 0.5%
corresponds to approximately —14%. This result correlates well
with our finding of a larger Young’s modulus in the absence of
both salt bridge components. In this case, the fibril is rather stiff,
and the increase in the twist angle under loading drives the
mechanical response.

We report the atomistic details of the interactions before and
during the compression in the D23 fibril (Figure 7). In the relaxed
configuration, as already observed, K28 stabilizes the entire
p-turn interacting with A21 as shown in Figure 7A. During the
compression, this interaction is still kept, but new H-bonds are
formed between the NH; " group of each lysine and the side chain
of the corresponding lysine belonging to the lower layer
(Figure 7B). This new interaction, due to the external loading
and the repulsion between the two NH;" groups of the two
interacting lysine residues, drives the winding motion observed
for this structure, which in the reported case is ~7% at 0.8%
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FIGURE 7: Twist angle variation during compression loading. Panels A and B show the atomistic detail of a 2-layer unit of the relaxed and
compressed D23 fibril (at 0.8% strain). After the relaxation, the lysine side chain is mainly oriented toward the opposite arm of the -turn forming
H-bonds with the backbone oxygen of A21 (see also Figure 2). (B) During the compression, the long and flexible side chain of the lysine moves out
of the S-turn plane, keeping the previous interactions and initiating new H-bonds with the side chain of the corresponding lysine in the lower layer.
This new interaction is mainly responsible for the measured variation of the twist angle. In both cases, the backbone of the two layers is represented
using the “New Cartoon” representation in VMD (55), while the lysine structure is emphasized using the CPK visualization.
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configuration, illustrating the relatively large H-bond lengths.

strain. In the D23K28 case, the largest measured twist angle
variation is approximately —14% and corresponds to ~0.5%
strain. In Figure 8B, the variation of the number of H-bonds
formed by the backbone of the D23K28 fibril is reported as a
function of the engineering strain. The corresponding plot of the
D23 fibril is shown in Figure 8A for comparison. In these two
cases, as well as for the nonmutated (/8) and K28 fibrils, the
compressive loading causes an increase in H-bond network
density. In the D23K28 case, the larger number of H-bonds is
coupled with an unwinding of the fibril. The replacement of both
the long side chains, D23 and K28, with the small glycine residues
makes the backbone interactions drive the molecular rearrange-
ment under compressive loading. The f-sheets composing the

amyloid fibrils are parallel, and therefore, the H-bond lengths are
on average relatively large, because of the reciprocal orientation
of the oxygen, nitrogen, and hydrogen atoms in neighboring
layers. In this scenario, the compressive loading causes in-plane
movements aimed solely at maximizing the local electrostatic
interactions of the backbone (Figure 8C).

Mechanical Failure in Compression. Our understanding of
the molecular mechanisms determining the mechanical responses
and in particular the failure of materials is crucial to identifying
the link between the structure and the behavior of materials. In
the specific case of amyloid fibrils, this insight is useful for
identifying the particular structural elements driving the mole-
cular rearrangements and finally the failure of the fibril.
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We monitored the mechanical response of all three mutated fibrils
until failure by progressively increasing the loading. The mechan-
ical tests performed on the nonmutated AB(1—40) amyloid fibrils
[as reported in an earlier study (56)] showed that the failure
mechanism is initiated by the buckling response of each fibril and
could be associated with a concomitant variation of the number of
H-bonds. We find that the mutations do not change the failure
mechanism of the fibril, and in all cases, we observe a buckling of
the fibril quickly resulting in sudden failure.

The D23 fibril fails when a >2.3% strain is reached. In this
case, a relatively small strain is enough to cause the failure, likely
because the relaxed fibril already features a very high interlayer
twist angle (on average 3.11°), and further possible molecular
rearrangements in response to the applied stress are limited
without them causing major disruptions of the H-bond network.
The D23K28 fibril fails at strains higher than 0.7%. This severe
change of the failure point also confirms the higher rigidity
introduced by the double mutation, and the loss of the capacity of
this fibril to rearrange the internal structure through twisting
motions. The K28 mutation requires the highest applied stress to
be broken. The failure occurs at ~2.8% strain, when the applied
stress reaches a value of 0.13 GPa. The highest energy required by
this fibril is related to its higher stability (Figure 3) when
compared with those of the other mutations. The K28 fibril
shows the best rearrangement after the mutation is introduced:
even though it features the lowest 5-sheet content, its twist angle
still allows significant optimization of the inter- and intramole-
cular distances during compressive loading. This is also con-
firmed by the fact that its failure point is very close to that
observed for the nonmutated fibril (56). All these observations
suggest that the twist motion could serve as a key tool to ensure
the mechanical stability featured by this class of materials.

CONCLUSION

The identification of the molecular details responsible for
defining the stability and properties of amyloid fibrils and
promoting their growth is crucial for biomedical applications
and for further progress in improving efficient Alzheimer’s
disease treatments. Great interest is focused on the ability of
small molecules, for example, morin (37) and ibuprofen (57), to
penetrate the dense and stiff structure of amyloid fibrils, to
interact with specific groups composing the side chains, to
promote their destabilization, and, ultimately, to reduce their
toxicity. On the basis of this perspective, an understanding of the
molecular mechanisms and interactions involving some key local
points in the structure is crucial for further experimental studies
with direct biomedical applications. In this context, the results
presented here demonstrate that the presence of the salt bridge is
important for the stability, geometry, and mechanical behavior of
these amyloid fibrils. Our observation of a decrease in the
amyloid fibril periodicity of up to ~43%, and the prediction of
extreme variations of the Young’s modulus of up to ~154%
(Figure 3), could be seen as a challenge to experimentalists. As
also suggested by other works, the salt bridge network and its
effect on the amyloid activity are two of the requirements for
promoting the growth of the fibrils and/or the formation of
complexes with other ligands and proteins (58).

The results presented in this paper could be extended to the
several polymorphic states of the Af (oligo) peptides, which have
been studied both experimentally (23) and theoretically (59—61)
and for which different models have been proposed (22, 62, 63).
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In particular, the prediction of the mechanical properties as a
function of local mutations, could be expanded toward a more
general study involving the presence of ions (60), and of different
chemical environments determined by variations in solvent, pH,
pressure, and temperature (64, 65). Such analyses could turn out
to be very useful given the mixed population expected for these
particular species of amyloids and could help in the prediction of
the corresponding behavior from a chemical, pathological, and
mechanical point of view. Furthermore, the first eight amino
acids in the amyloid molecular model [which have been observed
in ssSNMR experiments (19, 23) but are not structurally char-
acterized, given their disorder] could be included in future studies
perhaps by applying alternative methods such as replica exchange
molecular dynamics, to quantify their contribution to the general
properties of these fibrils.

From a more general perspective, the cases reported in this
work show the influence of the side chains on the properties of the
amyloid fibrils, confirming that the overall amyloid structure
depends on the sequence backbone, but the properties and
relative positions of the side chains can significantly affect the
fibril’s geometry and mechanics. Furthermore, previous experi-
mental work (66) shows the importance of the formation of the
D23—K28 salt bridge in driving the kinetics of fibrillogenesis.
An AB(1—40) peptide containing a lactam bridge between side
chains D23 and K28 aggregates 1000-fold faster than a normal
fibril without showing the typical lag phase of amyloid
aggregation in which no fibrils are formed, and that is followed
by rapid polymerization of the peptide into fibrils (66). There-
fore, the influence of the side chain interactions and positions
can be exploited to tune the aggregation rate, the chemistry,
and the mechanics of amyloid fibrils, opening new perspectives
for the improvement of drug design in Alzheimer’s disease
therapy.

The applications of amyloid fibrils require the consideration of
the controversial issue of the amyloid neurotoxicity (67, 68). On
one hand, it has been shown that different types of soluble
amyloid oligomers have a common structure and share a
common mechanism of toxicity (69). However, on the other
hand, experimental studies revealed that fibril formation is
necessary to induce Af peptide toxicity (70). From an engineering
point of view, the utilization of the point mutations could be used
to tune the structural and mechanical properties of the amyloid
fibrils, enhancing the range of possible applications of amyloid
materials in nanotechnology. Local mutations, combined with
changes in the chemical environment and with external pertur-
bation, would render amyloids interesting mechanomutable
materials (71).
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