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Numerous degenerative diseases are associated with amyloidosis, which can be caused by amyloid proteins.These amyloid proteins
are generated frommisfolded and denatured amyloidmonomers under physiological conditions. Changes in protonation state, pH,
ionic strength, and temperature, in addition tomutations, are related to the promotion of amyloidosis. Specifically, an understanding
of the mechanical characteristics of amyloid protofibrils is important, since amyloid growth proceeds by a mechanism involving
cycles of fragmentation and elongation. However, there remains a lack of knowledge of amyloid structural conformations and
their mechanical characteristics, particularly considering end-terminal capping effects. In the present study, we investigated the
mechanical characteristics of transthyretin amyloid protein (TTR), which have been implicated in cardiovascular disease, and
specifically considered the contribution of end-terminal capping effects. Using steered molecular dynamics (SMD) simulations, we
report different structural behaviors between uncapped and capped TTR amyloid protofibrils. We show that end-terminal capping
strengthens the structural stability and improves the mechanical properties of amyloid protofibrils. This study provides useful
information concerning the structural and mechanical characteristics of TTR amyloid protofibrils, with a particular emphasis on
end-terminal capping effects.

1. Introduction

Many of the major types of degenerative disease are associ-
ated with denatured and misfolded amyloid proteins [1–3].
For example, type II diabetes has been associated with human
islet amyloid polypeptide (hIAPP), since hIAPP triggers beta-
cell death in pancreas [4]. As for dialysis-related degenerative
diseases, beta-2-microglobulin amyloid proteins are found
in the joints of patients due to long-term hemodialysis
treatments [5, 6]. Moreover, transthyretin (TTR) amyloid
proteins can contribute to cardiovascular disease by nar-
rowing cardiac vasculature [7, 8]. The phenomenon shared
by these degenerative diseases is the deposition of amyloid
proteins to normal functional cells, where they are hard to
degrade under physiological conditions [9, 10].

These amyloid proteins exist in several forms such as
monomers, oligomers, fibrils, and plaques. A specific under-
standing of oligomeric amyloid fibrils is crucial, due to
their toxic characteristics [11–14]. Such toxicity was estab-
lished by several experimental studies, and it the results

of amyloid toxicity were the generation of ion channels
across membranes, removal of lipid layers from membranes,
permeation of oligomers to membranes, and additional
growth of amyloid fibrils [11]. Specifically, investigations
have highlighted that the size of oligomeric protofibrils is a
critical parameter, since the fragmentation and elongation
mechanism is related to fibrillar size. According to Collins
et al., they experimentally investigated the amyloid growth
mechanism using prion protein Sup 35 via three step models
(i.e., nucleation,monomer addition, and fiber fragmentation)
[15]. Based on this point, fundamental computational and
experimental studies on fracture phenomena of amyloid
fibrils may provide mechanical insights [10, 16].

Detailed computational studies have been conducted on
amyloid protofibrils, examining the polymorphic character-
istics [17–21], point-mutation effects [22–24], and amyloid
fibrils of differing cross-sections under physiological con-
ditions [25–27]. Paparcone et al. have provided mechanical
characterization of A𝛽 fibrils, which are associated with
Alzheimer’s disease [23]. They varied the salt bridge region
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and examined effects on structural stability ofmutating lysine
and aspartate residues for each. In similar manner, Chang
et al. found via molecular dynamics (MD) that the effect
of mutating residues depends on their being located within
hydrophobic core of A𝛽 [22]. Ndlovu et al. [28, 29] and Yoon
et al. investigated the effects of polymorphic characteristics
and point mutations on hIAPP using equilibrated MD and
steered molecular dynamics (SMD) [19, 30]. In their studies,
they investigated the effects of altering the orientation of beta-
strands and the effect of mutating leucine residues to phe-
nylalanine residues on structural conformation and mechan-
ical characteristics. In these computation studies, structural
stabilities and mechanical properties of fibrillar amyloid
proteins have been reported, in order to better understand
the mechanisms of fragmentation under physiological con-
ditions.

Recently, several groups considered whether end-
terminal capping or altered protonation state have an effect
on the structural characteristics of amyloid fibrils associated
with degenerative and neurodegenerative diseases [31–34].
For example, the effects of capping hIAPP amyloid fibrils were
studied experimentally and computationally. Andreasen et
al., demonstrated that different conformations and structural
characteristics of hIAPP fibrils are dependent on terminal
capping (i.e., N-terminal acetylation and C-terminal amida-
tion) by a combination of transmission electron microscopy
(TEM), atomic force microscopy (AFM), and MD
methods [32]. Specifically, they investigated the molecular
characteristics of hIAPP amyloid proteins arising from
terminal capping effects via twisting angle between each
beta-strand and the number of hydrogen bonds. Porrini et
al. used MD simulations to consider the effect of different
protonation states on the oligomeric characteristics of
amyloidogenic peptide derived from TTR 105–115 [31].
Different structural characteristics were observed depending
on the protonation state, including different beta-strand
content and altered twisting angles and the root mean square
deviations (RMSDs). In similar manner, Lee and Na recently
investigated the structural characteristics of TTR 105–115
amyloid protofibrils by end-terminal capping effects using
equilibrated MD simulation methods [35]. However, the
effect of capping on mechanical characteristics of TTR amy-
loid protofibrils remained unstudied using SMDmethods.

In this study, we report themechanical characteristics and
material properties of end-terminal capped and uncapped
TTR 105–115 amyloid protofibrils, using SMDmethods. Dur-
ing the SMD simulation, we noticed a considerably stronger
reaction force from the capped fibrils than from uncapped
fibrils. We also report Young’s modulus of the capped TTR
amyloid protofibrils, and we found a larger number of hydro-
gen bonds in the capped fibrils. Using our SMD simulation,
we also calculated the variation in electrostatic force due to
end-terminal capping.

2. Material and Methods

2.1. Computational Model Construction for the SMD Simula-
tion. In order to investigate the mechanical characteristics

of capping effect on TTR amyloid protofibrils, we used
the computational results of capped and uncapped TTR
amyloid protofibrils from our previous study [35]. Basically,
the atomic coordinates of TTR amyloid protofibrils contained
in the protein data bank (PDB-ID: 2M5N) were used as a
building block for a protofibrils [36]. Geometrical conditions
for protofibrils construction were also same as those in
the previous experimental studies which were revealed by
Dobson’s group [36–38].

From our previous study [35], autopsf plugin of VMD
1.9.1 was used to give the capping effect on TTR amyloid
protofibrils, by acetylating the N-terminus and amidating the
C-terminus of the modeled fibrils [39]. Equilibrium simula-
tion of each capped and uncapped protofibril was computed
using NAMD package 2.8 [40] with CHARMM27 force field.
Each protofibril model was minimized over 10,000 steps
via the conjugate-gradientmethod. Subsequently, protofibrils
were solvated in a TIP3P water box without counter ions
because TTR amyloid protofibrils carried no net charges.
Additionally, aminimumborder-distance of 20 Åwas applied
from each side of the solvent box.

The MD simulations were performed for 50 ns after the
simulated models to reach local minima on the potential
energy surfaces. MD simulations were equilibrated at a
constant-temperature (298K) and constant-volume condi-
tion. Equilibrated results of both uncapped and capped
TTR amyloid protofibrils are confirmed through the root
mean square deviation and their twist angle between each
beta-strands along the fibrils axis from previous study [35].
After that, the final coordinates of capped and uncapped
protofibrils were obtained to use in a steered molecular
dynamics (SMD) simulation in this study. Obtained capped
and uncapped TTR fibrils after equilibrated MD simulations
are shown in Figure 1.

2.2. Steered Molecular Dynamics (SMD) Simulation Proto-
col. To analyze the different mechanical behavior between
uncapped and capped TTR amyloid protofibrils, SMD sim-
ulations were performed to measure tensile properties. The
same NAMD package 2.8 and CHARMM27 force field was
used in the SMD simulations [40].The constant-temperature
(298K) and constant-volume ensemble was also adopted
during the SMD simulations, until fracture of the fibrils
occurred. The spring constant was 7.2 kcal/mol ⋅ Å2, where
1 kcal/mol equates to 69.489 pN⋅Å, throughout the entirety
of the simulations. As shown in Figure 2, the two bottom
layers were fixed, and the two top layers were pulled at
several constant velocities, such as 0.001 Å/ps and 0.005 Å/ps.
Reaction forces were calculated using 𝐹(𝑡) = 𝐾spring(V𝑡 − 𝑋),
where V is a pulling speed, 𝑡 is time, and 𝑋 is a displacement
variable. The resulting relationship between the reaction
forces and displacements for pulling rate was obtained after
the SMD simulations. Initial fibril lengths and cross-sectional
areas, for both capped and uncapped fibrils, were calculated
by computing stress-strain relationships.

2.3. Calculating the Mechanical Characteristics and Proper-
ties of TTR Protofibrils. For the analysis of the mechanical
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Figure 1: A schematic image of TTR amyloid protofibrils depends on end-terminal capping. (a) Amodel of a capped fibril.The capped region
is represented with red and blue spheres. (b) A model of an uncapped fibril for the simulation.
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Figure 2: A constraint for the tensile simulations, computed by
SMD simulation. The blue boxed region of TTR amyloid protofibril
was fixed. The red boxed area, corresponding to the top two layers
of the protofibril, was pulled along the fibril axis, which is parallel to
𝑦-axis.

characteristics of TTR amyloid protofibrils, classical beam
theory was used to calculate Young’s modulus for each
case. The TTR protofibrils were regarded as beam models.
The constitutive relation is given by Hooke’s law, which
represented as 𝜎

𝑦𝑦
= 𝐸 ⋅ 𝜀

𝑦𝑦
. Here, 𝜎

𝑦𝑦
is the stress along the

fibril axis which is parallel to 𝑦-axis (Figure 1), 𝐸 is Young’s
modulus, and 𝜀

𝑦𝑦
is the strain along to the fibril axis (i.e.,

𝑧-axis). Stress could be expressed as 𝜎
𝑦𝑦
= 𝐹/𝐴. Here, 𝐹 is

the calculated force during the SMD simulation, and 𝐴 is

the measured cross-sectional areas, where we assumed the
cross-section area of TTR amyloid protofibrils as rectangular
shapes. Four alpha carbons located on the end-terminus
of two beta-strands of bottom layer are regarded as edges
of rectangular shape from cross-section of TTR amyloid
protofibrils.Therefore, the cross-sectional areawas calculated
by measuring the width and height from rectangular shape.
Stress was computed by calculating the tensile loading on the
cross-sectional area of fibrils over time, and strain variation
was obtained by dividing the change in length of a fibril
during the same time by its initial length (∼10 nm).

3. Results and Discussion

3.1. Different Fracture Behavior of TTR Amyloid Protofibrils
Caused by End-Terminal Capping. Our previous study, using
a 50 ns equilibratedMD simulation and principle component
analysis (PCA), examined that N-terminal acetylation and
C-terminal amidation of TTR amyloid protofibrils alter
their structural conformations and mechanical characteris-
tics [35]. Based on those results, we reported considerably
improved structural stabilities and Young’s moduli of capped
TTR amyloid protofibrils. Differences in Young’s modulus
values were two times larger than the excepted torsional
modulus.

In this study, employing constant-velocity loading sim-
ulations, we showed that TTR 105–115 amyloid material
strength is different, depending on end-terminal capping
status. Further, in order to detect end-terminal capping
effects in detail, we applied two different loading conditions
(0.001 Å/ps and 0.005 Å/ps). As shown in Figures 3(a)–3(d),
in both 0.001 Å/ps and 0.005 Å/ps constant-velocity loading
conditions, we found higher peak forces for capped protofib-
rils. Under 0.001 Å/ps constant-velocity loading simulations
(see Figures 3(a) and 3(b)), the first peak force events for both
uncapped and capped TTR were observed around the 1 ns
period. At the peak force value, however, both the rupture
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Figure 3: Time versus force graphs comparing different fracture features of capped and uncapped fibrils for time. Both (a) and (b) show the
results of SMD simulation with a pulling rate of 0.001 Å/ps for the capped model and the uncapped model, respectively. Panels (c) and (d)
show the results for the capped model and the uncapped model, respectively, at a pulling rate of 0.005 Å/ps. Fracture processes over time are
indicated by the downward arrows, which are marked with 𝑡

1
, 𝑡
2
, 𝑡
3
, and 𝑡
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force and the fracture behavior of capped and uncapped
TTR protofibrils differ. During time-force analysis, the peak
force for capped protofibrils was 1400 pN, while the peak
force of uncapped protofibrils was 1000 pN.Different fracture
behaviors were also observed in the time-force graphs and
rupture trajectories. In the case of capped protofibrils, we
see only one peak force value, while uncapped protofibrils
display multiple peak forces during SMD simulations. These
tendencies can be supported by the rupture process as shown
on the right side in Figures 3(a) and 3(b). For the capped
fibrils, we see that only the top layer fractured over the 5–
10 ns period. However, uncapped fibrils undergo multiple
fracture processes and fractured beta-strands contents during
this same 5–10 ns period. Around the 3 ns period, one side of
two beta-strands fractured (marked as 𝑡

2
), with the other side

fracturing around the 5.5 ns period (marked as 𝑡
3
).

Similar findings resulted from the 0.005 Å/ps constant-
loading simulations as shown in Figures 3(c) and 3(d), respec-
tively. Due to the higher constant-loading condition (0.005
compared to 0.001 Å/ps), short fracture events were observed
for both capped and uncapped protofibrils over the same
time period. In addition, different fracture behavior and peak
force were observed, relative to 0.001 Å/ps constant-loading
simulation. Only a single peak force value was observed for
capped protofibrils (marked as 𝑡

2
), while multiple peak forces

were observed for uncapped TTR protofibril (denoted 𝑡
2
, 𝑡
3
,

and 𝑡
4
).The peak force difference between the two protofibril

types was 800 pN, which was similar to the value from the
lower loading simulation (i.e., 0.001 Å/ps). Specifically, for the
uncapped protofibrils, multiple fracture spots were revealed,
while only the top layer was fractured in capped protofibrils.
These different peak force results along with the different
constant-velocity loading conditions could be compared to
previous similar computational hIAPP fibril study by Choi et
al. [41].They found the different rupture force of hIAPP fibrils
when different pulling speed was applied. These different
rupture phenomena along with various pulling velocity also
can be found in our study, where higher peak force was
observed when faster pulling speed was applied [41].

Interestingly, end-terminal capping on TTR amyloid
protofibrils did not affect the calculated peak force occur-
rence time, even under different loading and velocity condi-
tions. Lee et al., who investigated themechanical andmaterial
characteristics of polymorphic hIAPP protofibrils, reported
that each polymorphic structure (i.e., APHO, AHPE, PHO,
and PHE model) has a different peak force value with a dif-
ferent peak force occurrence time, based on their time-force
analysis [17]. However, uncapped and capped TTR amyloid
protofibrils only exhibited different peak force values, while
sharing similar peak force occurrence times. Therefore, our
simulations suggest that end-terminal capping only affects
reaction force values, not peak force occurrence times.

Thus, fromour analysis of the time-force profiles and frac-
ture trajectories from 0.001 Å/ps and 0.005 Å/ps constant-
loading simulations, we can see that the end-terminal capping
is predicted to result in different fracture behavior, albeit over
similar time periods.

3.2. Fracture Characteristics of TTR Amyloid Protofibril by
the End-Terminal Capping. During constant-velocity loading
simulations, we found that the different fracture behavior of
TTRamyloid protofibrilswith different end-terminal capping
status exhibited different time-force graphs and fracture
trajectory profiles. In this section, we analyzed the different
material fracturing behaviors of protofibrils by investigating
the number of hydrogen bonds formed and the electrostatic
force as a function of time. Calculating andunderstanding the
contributions of hydrogen bonds and “nonbonding” forces
such as electrostatic and van der Waals (VdW) energies are
all important for assessing the stability of amyloid fibrils.
For example, a previous study addressed the role of the
nonbonding forces and hydrogen bonds in altering the
structural conformation and mechanical properties of A𝛽
amyloid protein by mutating the leucine residue on the 19th
and 20th phenylalanine residue regions [22]. Specifically, the
nonbonding forces and the number of hydrogen bonds are
different in each model. Notably, replacing leucine residue
on the 19th phenylalanine residue region results in a lower
number of hydrogen bonds, increased VdW energies, and
decreased mechanical properties. Furthermore, our previous
equilibrated TTR 105–115 protofibrils handled the structural
stability and their electrostatic energy effect by end terminal
capping [35].

In our study (see Figure 4), a constant decrease in the
number of hydrogen bonds was observed under 0.001 Å/ps
and 0.005 Å/ps constant-velocity conditions. For the 0.001 Å/ps
constant-velocity condition, reduction in the number of
hydrogen bonds stopped around the 10 ns period, while
the loss of hydrogen bonds under 0.005 Å/ps constant-
velocity conditions halted around the 2 ns period. After the
constant decrease in the number of hydrogen bonds reached
a threshold, there were no additional decreases of hydrogen
bonds, with the protofibrillar structures reaching a complete
fracture. This tendency to decrease the number of hydrogen
bonds is similar to that reported for several computational
studies of amyloids using SMD simulations [17, 25, 35, 41–
44]. When an external force is applied to amyloid proteins,
the loss of hydrogen bonds or their renewal following fracture
proceeds regardless of the amyloid protein species or size.
For example, our previous loading simulation study on
polymorphic hIAPP fibrils showed that loss of hydrogen
bonds increases in step with strain [17]. In a similar manner,
Solar and Buehler reported that the incremental rupture
of hydrogen bonds depends on the cross-sectional area of
different amyloids (i.e., A𝛽 and HET-s) [25]. Specifically,
from our analysis of the number of hydrogen bonds over
time in this study, we were unable to detect any difference
in the material characteristics of capped or uncapped TTR
protofibrils. According to Kim et al., hIAPP amyloid fib-
rils behave differently under constant bending simulations,
depending on the structure of the polymorph tested [21].
Since polymorphism may alter material behavior, and TTR
105–115 does not have any polymorphs, end-terminal capping
was only predicted to improvemechanical strength, not other
material behaviors.

Further, we measured the variation in electrostatic force
of uncapped and capped TTR protofibrils, from the initiation
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Figure 4: Time versus the number of hydrogen bond graphs: comparing mechanical strength differences between capped and uncapped
models. (a) shows the comparison graph for the simulation performed using a velocity of 0.001 Å/ps, and (b) is the graph using a velocity of
0.005 Å/ps. To reduce the noise of hydrogen bonds per time graphs, we smoothed the data using a weighted moving average with over 100 ps.

of the loading simulation to the first peak force events. In
contrast, the electrostatic forces were tracked throughout
the entirety of the constant-velocity loading simulations.
As shown in Figures 5(a) and 5(b), electrostatic energies
increased between the initiation of loading and the occur-
rence of the first peak force events. These tendencies are sim-
ilar to those calculated for loading simulation on A𝛽 amyloid
fibrils in the study by Paparcone and Buehler. They reported
that the energy density of A𝛽 amyloid fibrils increased in step
with increasing strain [42]. We also calculated the stabilities
of uncapped and capped TTR protofibrils via fluctuation of
electrostatic forces. Our simulation shows that electrostatic
energy fluctuations of uncapped fibrils were observed during
both the 0.001 Å/ps and the 0.005 Å/ps loading conditions.
In contrast, capped fibrils have fewer such fluctuations.
These phenomena can be expressed as the released quantity
of electrostatic energies, both uncapped and capped TTR
protofibrils. Using the electrostatic energies over the whole
time period, we measured the released electrostatic energy
quantity of both capped and uncapped TTR protofibrils until
observation of first peak force event as shown in Figure
S1 in Supplementary Material available online at http://
dx.doi.org/10.1155/2016/1863065. From the result of Figure S1,
we found that the electrostatic energy release of capped TTR
amyloid protofibrils was constant until first peak force event
for two different loading velocity conditions, which means
energy release is almost zero. However, for the uncapped
TTR amyloid fibrils, energy release of electrostatic energies
constantly increased and their amount was occupied up to
300 kcal/mol. Specifically, we calculated the fluctuation of
electrostatic energies by measuring the standard deviation
as shown in Figure 5(c), where the standard deviation of
electrostatic forces is represented as error bars of average

electrostatic forces. From the figure, a large-value error bar of
uncapped TTR protofibril was observed, while a small-value
error bar of capped TTR protofibril was observed. Therefore,
end-terminal capping on TTR protofibrils not only lowers
the electrostatic forces but also strengthens and lowers the
electrostatic energies fluctuations.

Our analysis of hydrogen bond prevalence, together with
our analysis of electrostatic energies, supports our earlier
results that end-terminal capping of TTR protofibrils effects
an increase in disruptive forces, resulting in a lower fraction
the beta-strands contents compared to uncapped protofibrils.

3.3. Material Properties of Capped and Uncapped TTR Amy-
loid Protofibrils. Based on time-force analysis, we assessed
the mechanical properties of capped and uncapped TTR
amyloid protofibrils by generating stress-strain curves. Stress-
strain curves for our in silico protofibrils were produced by
calculating the strain and using Hooke’s law as described in
Section 2.3. The stress-strain graphs are depicted in Figure 6.
As can be seen in Figure 6(a), under 0.001 Å/ps constant-
velocity loading simulation, capped protofibrils have higher
stress values than uncapped protofibrils at around 0.5 strain
regions. The calculated strain differs under the velocity
loading condition of 0.005 Å/ps, as shown in Figure 6(b).
Using this stress-strain relationship, we calculated Young’s
modulus, as shown in Figure 6(c). Under both loading
simulation conditions (0.001 Å/ps and 0.005 Å/ps), we can
saw that Young’s modulus of capped protofibrils (7-8GPa)
was larger than that of uncapped protofibrils (6–6.5GPa).
These results are consistent with our previous equilibrated
MD and PCA analysis results, in which the axial elastic
modulus of capped TTR protofibrils was higher than the
uncapped TTR protofibrils. Furthermore, Young’s modulus
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Figure 5: Time versus electrostatic energy graphs: comparing the structural characteristics effect of end-terminal capping on TTR (105–115)
protofibrils. (a) shows the comparison graph for the simulation performed using a velocity of 0.001 Å/ps, (b) shows the graph using a velocity
of 0.005 Å/ps, and (c) shows the average number of electrostatic energies. Error bars represent the standard deviations.

difference of capped and uncapped TTR amyloid protofibrils
with respect to various pulling speed also can be compared
to bending simulation on hIAPP fibrils along with various
length size [41]. From their result of bending and shear
stress, both stresses were increased when pulling speed also
increased. Considering the similar elastic modulus results
obtained in this study, our Young’s modulus of TTR amyloid
protofibrils is higher when applied 0.005 Å/ps than those of
0.001 Å/ps. That means that higher mechanical response of
amyloid fibril comes from the faster pulling speed.

Young’s modulus values we obtained using SMD simula-
tions can be compared to previous experimental studies on
TTR 105–115 fibrils. Meersman et al. reported that the bulk

modulus of TTR 105–115 fibril is 2.6GPa [45]. Consider-
ing that our capped and uncapped fibrils are nanoscale
structures, our calculated material properties are reliable
results in terms of having a similar degree of order. Our
Young’s modulus results can also be compared to the results
obtained for different amyloid proteins, using both experi-
mental and computational methods. As shown in Table 1,
our results have a similar Young’s modulus degree of order
compared to previously studied amyloid, despite differences
in the underlying amyloid proteins. When compared to the
“parallel/homo” polymorph structure of hIAPP fibrils, our
structure is predicted to have a higher Young’s modulus
[17, 18, 21]. In addition, our simulations suggest that both
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Figure 6: Stress versus strain graphs and Young’s modulus graphs. Stress-strain curves for each pulling rate (0.001 Å/ps and 0.005 Å/ps)
to compute Young’s modulus for both capped and uncapped fibrils. (a) Strain-stress curve calculated from pulling rate of 0.001 Å/ps, (b)
strain-stress curve obtained from pulling rate of 0.005 Å/ps, and (c) Young’s modulus of uncapped and capped TTR 105–115 protofibrils from
stress-strain curves.

Table 1: The tensile Young’s modulus of several amyloid fibrils for
the comparison.

Structures Elastic modulus (GPa)
hIAPP (SMD) [17, 18] 2.4–12
hIAPP (ENM) [19] 12–14
A𝛽 (SMD) [42–44] 12.4–17.2
TTR (experiment) [45] 2.6
TTR (our study) 6–8

uncapped and capped TTR 105–115 protofibrils have a higher
Young’s modulus than insulin amyloid fibrils.

From our computational stress-strain and Young’s mod-
ulus analyses, we predict that end-terminal capping of TTR

105–115 protofibril results in material with a higher Young’s
modulus than uncapped protofibrils. Our results including
time-force graphs, fracture trajectory analysis, the number
of hydrogen bonds, and electrostatic force analysis due to
the end-terminal capping effects are consistent with previous
similar amyloid studies. Further, our results show the reliable
data compared to previous experimental and computational
TTR 105–115 amyloid fibril studies.

4. Conclusions

In this study, we calculated material properties of capped
and uncapped TTR (105–115) protofibrils by investigating
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their structural and mechanical response to different load-
ings at constant-velocity, using steered molecular dynamics.
Analysis of the time-force and rupture trajectory profiles
showed that capped protofibrils have a greater rupture force
but lower ruptured beta-strand contents than uncapped
protofibrils. These profiles were consistent with an analysis
of electrostatic energy fluctuations and the number of the
hydrogen bonds. During the fracture process, we found larger
electrostatic force fluctuations in uncapped protofibrils than
capped protofibrils. Further, we computationally derived
and predicted the material properties of the protofibrils
from our SMD simulations. Stress-strain curves indicated
that capped protofibrils are likely to have a larger Young’s
modulus (7-8GPa) than uncapped protofibrils (6–6.5GPa).
Understanding the mechanical characteristics of amyloid
protofibrils is important, since their growthmechanism relies
on fragmentation and elongation.Our study provides a useful
model of the effect of end-terminal capping on TTR 105–
115 amyloid protofibrils. In particular, since amyloid fibrils
are increasingly being used as basic templates for functional
material [46], our study suggests an additional material
design methodology for templating biofunctional materials.
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