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ABSTRACT: Alzheimer’s disease is presumed to be caused
by the formation of intracellular plaques of amyloid β (Aβ)
peptides inside neurons. The most abundant Aβ forms are
Aβ40 and Aβ42 comprising, respectively, 40 and 42 residues.
Recent experiments showed that the triple Gly33Val-
Val36Pro-Gly38Val (VPV) mutation causes Aβ42 to become
“super-Aβ42” with elevated aggregation rates and toxicity.
Upon VPV mutation, oligomerization pathways of Aβ40
become similar to those of the Aβ42 wild type. It was
hypothesized that the super behavior of Aβ42 occurs due to an
enhanced content of the β-turn and β-hairpin, centered at
residues 36−37, and the similarity in oligomerization pathways
of Aβ40-VPV and Aβ42-WT comes from the increased β-turn
population. As this is based on simulation of the truncated fragments, this hypothesis may not be valid for the full-length case,
motivating us to perform all-atom molecular dynamics simulations for full-length Aβ sequences. We showed that the results
obtained for truncated peptides fall short in explaining the similarity of self-assembly pathways of Aβ40-VPV and Aβ42-WT.
Instead, we propose that the similarity is due to not only increased β-turn population but also due to the elevated β-structure of
the entire sequence. Similar to VPV, the Gly33Val-Val36Asn-Gly38Leu mutation enhances the β-structure and the C-terminal β-
turn making the behavior of Aβ40 similar to that of Aβ42-WT.

I. INTRODUCTION
Alzheimer’s disease (AD) is a chronic neurodegenerative
disease that usually starts slowly and worsens over time. The
most common symptoms are a difficulty in remembering recent
events,1 problems with language,2 and visual−spatial search,3
among other side-effects. There exist three main hypotheses
about the AD etiology, involving the tau protein, amyloid
cascade, and cholinergic hypotheses.4,5 However, recent
accumulated evidence strongly supports the second hypothesis,
which posits that the self-assembly of amyloid β (Aβ) peptides
is the main cause of AD.6,7 As Aβ peptides are proteolytic
byproducts of the amyloid precursor protein, one of the
strategies to treat AD is to prevent production of Aβ peptides,
which are commonly composed of 40 (Aβ40) and 42 (Aβ42)
amino acids
In the monomer state, Aβ peptides are mostly a statistical

coil (SC) in physiological buffers, but aggregate to form fibrils

with a β-sheet structure.8−11 Aβ42 is the dominant protein
component of parenchymal plaques.12−14 Increasing the
amount of Aβ42, or the concentration ratio of Aβ42/Aβ40, is
associated with an increased risk of AD.15,16 In vitro studies
showed that Aβ42 displays fibril nucleation and elongation rates
that are higher than those of Aβ40,17 and that Aβ42 forms
larger oligomers than does Aβ40.18−20 Moreover, neither the
mature fibrils nor monomers of Aβ peptides are toxic; however,
the esthetic of the cerebral defects in AD rather correlates with
high levels of oligomers in the brain.21 This leads to the second
strategy to cope with AD that is based on preventing or
reversing formation of toxic oligomers,4 requiring a deep
understanding of Aβ structures and self-assembly pathways.
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Aβ40 and Aβ42 oligomerize in different ways: Aβ40 mostly
assembles into dimeric, trimeric, and tetrameric species,
whereas Aβ42 preferably forms pentamer/hexamer units and
then further assembles into larger oligomers such as
dodecamers and octadecamers.22 These behaviors have been
confirmed by experiments using ion mobility spectrometry
coupled with mass spectrometry.19 The distinct physical and
biological properties of Aβ40 and Aβ4223−25 are due to their
different structures as both peptides are unstructured, but the
Aβ42 C-terminus is more rigid than the Aβ40 one.26−29 The
decisive role of the last two hydrophobic amino acids Ile41 and
Ala42 in the distinct behaviors of the two peptides was clearly
demonstrated.30 It was shown that the C-terminus of Aβ42
displays resistance to proteolytic digestion.31

Recently, using various experimental techniques to study the
impact of mutations at the C-terminus on Aβ aggregation,
Roychaudhuri et al.25 made a number of interesting
observations. They showed that mutations can alter oligome-
rization pathways as well as the toxicity of Aβ peptides. In
particular, they hypothesized that the triple mutation Gly33Val-
Val36Pro-Gly38Val (VPV) generated the so-called “super-
Aβ42” by stabilizing the β-turn at Val36-Gly37 and β-hairpin.
Thus, the C-terminal turn is the sine qua non of Aβ42, and this
turn is an attractive target for AD treatment. More importantly,
the VPV mutation can convert Aβ40 oligomerization pathways
into those of Aβ42 through substantial enhancement of the β-
turn at the C-terminus.
One has to stress that Roychaudhuri et al.25 have interpreted

their experimental data based on the assumption that the
existence of the β-turn plays a crucial role. However, the β-turn
and β-hairpin contents were obtained for truncated fragments
Aβ31−40 and Aβ31−42 and their variants, casting doubt on their
interpretation for full-length peptides. In this article, we check
their predictions by studying full-length Aβ peptides and
mutants using all-atom replica exchange molecular dynamics
(REMD) simulations.
We have shown that a β-hairpin structure centered at Val36-

Gly37 occurs in the Ile31-Ala42 fragment of Aβ42 variants, but
in the Aβ40 case, the Ile31-Ala40 fragment is predominantly a
coil. In agreement with the experiments and simulations for
truncated peptides,25 the VPV mutation converts Aβ42 into
super-Aβ42 through an enhanced propensity of the β-turn and
β-hairpin at the terminal. However, contrary to results obtained
from short peptide simulations, this mutation levels up the β-
turn population of Aβ40, but not to such an extent that the
oligomerization pathways become similar to those of Aβ42 wild
type (Aβ42-WT). Thus, the similarity in aggregation pathways
of Aβ40-VPV and Aβ42-WT, indirectly obtained from oligomer
distributions in the experiment,25 cannot be explained based
solely on increased β-turn propensity at the C-terminal. Instead,
we propose that the enhancement of the β-structure of the
entire sequence should be taken into account.
We also studied the triple mutation G33V-V36N-G38L

(VNL), which increases Aβ hydrophobicity but to a lesser
extent compared to that increased by VPV. We predict that,
similar to VPV, VNL can make Aβ40 oligomerize in the same
way as Aβ42-WT through enhanced β-structure and β-turn
content at the C-terminus. In addition, upon VNL mutation,
the β-hairpin becomes more populated leading to super-Aβ42
behavior.

II. MATERIALS AND METHODS

II.I. Initial Structures of Aβ Peptides and Mutants. The
WT structures of the Aβ40 and Aβ42 peptides were taken from
the Protein Data Bank (PDB)32 with the PDB codes 1BA4 and
1Z0Q, respectively. These structures were obtained in a water−
micelle environment, but the choice of initial conformations for
REMD simulation is not important. The structures of the
mutants with substitutions Gly33Val, Val36Pro, Gly38Val
(VPV); Gly33Val, Val36Asn, Gly38Leu (VNL); Gly33Val,
Val36Asp, Gly38Leu (VDL), and V36D were obtained from
the original structures using the RaptorX website server.

II.II. Molecular Dynamics Simulations. Simulations were
performed with the OPLS-AA/L force field32 for protein and
the Generalized Born (GB) model33 for implicit solvent using
GROMACS software version 4.5.5.34 The OPLS-AA force field
was used in this work because it generated conformations for
the Aβ42 monomer that match the structure of the Aβ peptide
obtained by the NMR data.26 Moreover, previous studies
demonstrated that this force field is suitable for simulation of
aggregation of several Aβ fragments.35,36 We chose the GB
implicit solvent not only because of the limitation of our
resource, but also because prior studies showed that the GB
model gives reasonable results for Aβ variants24,37 and other
systems.38,39 One of the limitations of the implicit solvent is
that it ignores interactions with water. Therefore, the success of
the GB approximation in studying Aβ thermodynamics is
presumably due to the fact that water bridges do not contribute
significantly to the stability of highly flexible molecules such as
intrinsically disordered Aβ.29

We simulated WT and mutants of Aβ peptides in the same
conditions. The leapfrog algorithm40 was employed to integrate
the equations of motion with a time step of 2 fs. The length of
all bonds was constrained by the LINCS algorithm.41 V-rescale
temperature coupling was used to change the velocity of atoms
periodically but keep the temperature of the system stable,42

with a relaxation time of 0.1 ps. The nonbonded interactions
were calculated with an infinity cutoff.
Twelve replicas were used for REMD simulation for all

systems. The temperatures of the replicas were chosen by the
method of Partrisson and van der Spoel.43 The range of
temperatures were from 290.16 to 490.16 K for all systems (T
= 290.16, 300, 311.80, 326.18, 343.14, 361.92, 380.83, 400.69,
421.86, 444.02, 466.14, 490.16 K). Each replica was exchanged
every 2 ps, which is large enough compared to the coupling
time to the heat bath. Each replica was run for 1000 ns, and
production data were collected every 10 ps.

II.III. Tools and Measures Used for Data Analysis.
II.III.I. Secondary Structure. The STRIDE algorithm44,45 was
used to calculate the secondary structures of the Aβ peptides.
The advantages of this algorithm is that the definition is based
not only on information of dihedral angles, but also on the
hydrogen bonds (HBs) of protein.

II.III.II. Salt Bridge (SB). An SB between two charged residues
may have an impact on the structure of the β-sheet. If the
distance between two specific atoms remains within 4.6 Å, an
SB was formed. In this work, we consider the distance between
the Cγ atom of Asp23 residue and the Nζ atom of Lys28
residue.

II.III.III. Free-Energy Landscapes. We calculated the free-
energy surface (FES) of the systems by G(V) = −kBT[ln P(V)
− lnPmax], where P(V) is the probability distribution obtained
from the MD simulation results. Pmax is the maximum of the
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distribution, which is correlated to ΔG = 0 for the lowest-free-
energy minimum. Dihedral principal component analysis
(dPCA)46 and the two most important eigenvalues V1 and
V2 were used to construct the FES.
II.III.IV. Contact Map. To construct side-chain contact maps,

we calculated the distance between the centers of masses of two
residues. If this distance is within 6.5 Å, then the corresponding
contact is formed.
II.III.V. β-Turn and β-Hairpin. The β-turn occurs on four

consecutive residues from i to i + 4 and is classified into nine
types based on the dihedral angles of φ(i + 1), ψ(i + 1), φ(i +
2), and ψ(i + 2).47 The residues that make up a β-turn are
typically amino acids with strong turn-forming propensity that
allows the polypeptide backbone to adopt a conformation
where the Cα(i) − Cα(i + 3) distance is less than 7.0 Å. Each
type of β-turn has its own mean dihedral angle, but only type I′
and II″ are found predominantly in a β-hairpin.48,49 A β-hairpin
is formed by a turn connecting two β-strands in antiparallel
directions by loops of various lengths. A loop can be classified
into different types according to the number of residues in the
loop region and residues closing the loop.

III. RESULTS AND DISCUSSION
We chose T = 311.8 K, which is closest to the physiological
temperature T = 37 °C, for data analysis.
III.I. Equilibration Procedure. The total simulation time

was 1000 ns for all studied peptides and variants. To obtain the
equilibration time teq, we plotted the Cα root-mean-square
displacement (RMSD) as a function of time (Figures 1 and 2).
Obviously, teq ≈ 210 ns, because after this time, the RMSD of
all systems becomes stable, fluctuating around its equilibrium
value. To make sure that the data were well equilibrated we
adopted the following procedure. Suppose we carry out one
MD run with a duration of t1 and another one which is 2-fold
longer than the first run, t2 = 2t1. If the thermodynamic
quantities computed at equilibrium for two MD runs match
then the system can be considered as well equilibrated. Because
t2 = tfull = 1000 ns, we have t1 = 500 ns. The secondary
structures were calculated in two time windows [teq, t1] and [teq,
tfull] or [210, 500 ns] and [210, 1000 ns]. Skipping the first 210
ns spent on equilibration, we obtained the β-content at T =
311.8 K for all sequences, as shown in Figures 1 and 2. Within
error bars, the β-contents obtained in the two time windows are
the same. This also holds for helix, turn, and coil (results not
shown), implying that REMD simulations afford the equili-
brated data for all studied systems. In what follows, we will
present the results obtained in the [210, 100 ns] window. The
data convergence was important because it showed that our
sampling is sufficient to produce a representative subset of the
whole space and, therefore, reliable results.
III.II. Secondary Structures of Aβ40 and Its Variants:

upon VPV and VNL Mutation, Self-Assembly Pathways
of Aβ40 Are Expected To Be Similar to Those of Aβ42.
Using STRIDE software at equilibrium and T = 311.8 K, we
obtained the mean secondary structures of Aβ40 as 11.97, 3.89,
65.69, and 18.45% for β, helix, turn, and coil, respectively
(Table 1). Low β (11.97%) and helix (3.89%), and high SC
(84, 14% for turn + coil) match with experimental results
reported by Zhang et al.50 and Danielsson et al.51 showing that
the Alzheimer’s Aβ peptide adopts as an SC in the water
environment. Using filtration through a 10 000 molecular
weight cutoff and circular dichroism of low molecular weight
Aβ40 aggregates, 88% of random coil and turn, 12% of β-

strand, and 0% of α-helix were obtained in an environment of
pH 7.5, T = 295 K at day 0.52 These data are in line with ours.
In contrast, Ono et al. showed that Aβ40 monomer has a 25%
β-content,53 which is twice as high as our value. The α-content
of 3.89% is lower than that obtained previously by coarse-
grained UNRES54 but higher than that of the all-atom results of
Viet et al.,23 Truong et al.,24 and Sgourakis et al.,26 who used
Amber-derived PARM94, PARM96, MOD-PARM, GROMOS,
and OPLS force fields and a recently improved version of the
Amber force field PARM99SB employed by Yang and
Teplow.29 Our estimate of β-content (11.97%) is a bit higher
than the results reported by these groups. Using REMD with
the OPLS-AA/L force field and the TIP3P water model,
Rosenman et al. reported β ≈ 25%, which seems to be high for
Aβ40.55 The discrete molecular dynamics combined with the
four-bead protein model in implicit solvent gives β ≈ 19% for
Aβ40 and 15% for the truncated Aβ3−40,

56 which are higher
values than ours.
Upon mutation, the total β-propensity of Aβ40 leveled up

from 11.97 to 16.81%, and 17.08 and 17.28% in VNL and VPV,
respectively (Table 1). Although these mutations are distinct,
the difference in β-structure is insignificant. Within error bars,
the β-content of VPV (17.08 ± 2.5%) is the same as that of
Aβ42-WT (21.95 ± 1.91%,Table 2). Because the propensity to
self-assembly is controlled by the population of the fibril-prone
state of the monomer57 or by the β-content of the Aβ peptides,
this result is in accord with experiments25 that showed that
VPV makes Aβ40 aggregate in the same manner as Aβ42. It

Figure 1. Upper part) Time dependence of Cα-RMSD at T = 311.8 K
for five Aβ40 sequences. Arrow refers to the equilibration time teq =
210 ns when RMSD saturates. (Lower part) The β-content, obtained
for two time windows at T = 311.8 K for five Aβ40 sequences. Black
and red refer to window [210−1000 ns] and [210−500 ns],
respectively. Error bars come from averaging over snapshots collected
at equilibrium.
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should be noted that Roychaudhuri et al.25 interpreted their
experimental data on the similarity of the oligomerization
pathways of Aβ42-WT and Aβ40-VPV as a consequence of
enhanced content of β-turn centered at residues 36 and 37 at
the C-terminus. However, their interpretation was based on
simulation results obtained for truncated fragments and as

discussed in detail below, this is not valid for the full-length
case. Here, we propose a different scenario whereby in addition
to β-turn, one has to take into account the overall β-structure or
the propensity of the fibril-prone conformation N* in the
monomer state.
In the VPV mutation, the β-content increases significantly at

residues 5−7, 11−14, 19−23, 32−33, and 37−40. This per-
residue distribution mimics the distribution of Aβ42-WT,
where the β-content levels up at 11−14, 18−21, 31−35, and
38−41 (Figure 4). In the case of Aβ40-VNL, the β-structure of
3, 10−14, 33−40 residues is higher than the WT (Figure 3).
Together with VPV, this variant has the same trend whereby
the β-content increases at the C-terminus making it more rigid
than the N-end, as observed in Aβ42-WT. In addition, as is
evident from Tables 1 and 2, within error bars, Aβ40-VNL and
Aβ42-WT have the same β-contents. Thus, we predict that the
VNL mutation also converts the Aβ40 behavior to Aβ42
behavior, as was observed experimentally in the VPV case.25

The VNL mutation has a minor effect not only on the overall
content of α-helix, turn, and coil but also on their per-residue
propensities (Table 1 and Figure 3).

III.III. Secondary Structures of Aβ42 and Its Mutants:
Mutation-Induced Super-Aβ42? As is evident from Tables 1
and 2, the β-content of Aβ42 (21.95%) is approximately 2-fold
higher than that of Aβ40 (11.97%), which is consistent with the
results reported in prior theoretical works26,29,58,59 and
experimental observation60 whereby Aβ42 aggregates much
faster than Aβ40, having a higher population of N* state. The
high β-content occurs at residues 17−23 (Figure 4) in the
central hydrophobic region, in line with Rosenman et al.55 who
observed the elevated β-population at residues 16−23 using the
OPLS-AA/L force field with explicit water model TIP3P. Ball et
al. showed that the β-structure is rich at residues 16−21, having
employed the Amber ff99SB force field and TIP4P-Ew water
model.61 Besides the central hydrophobic region, the β-content
is enhanced at the C-terminal at residues 31−35 and 39−41
(Figure 4), whereas other theoretical studies showed that the β-
structure is mainly populated in the 38−41,26 32−36,29 27−
37,55 29−36,61 or 37−4062 regions. The C-terminal is much
more ordered than the N-terminal, which is consistent with the
fact that the C-terminal is fibril-prone, as observed in the
experiments of Luhrs et al.10 and in simulations where Aβ42
fibril growth initiates from this terminal.63 In contrast to our
study, other theoretical works showed that the C-terminal is
poorer in β-structure than the N-terminal.58,64 The β-content
obtained in our simulation is higher than that of Velez-Vega
and Escobedo,65 Yang and Teplow,29 and Cote et al.,66 but
significantly lower than the result reported by Mitternacht et
al.68 Such an abundance of β-structure, obtained by these
authors, may be associated with omission of the electrostatic
interaction in their force field.66

Similar to Aβ40, the α-content of Aβ42 is considerably lower
than that of β, turn, and coil (Table 2), which is in accord with
reports from other groups,64,65,67 but it is lower than that
reported by Yang and Teplow.29 At equilibrium, the random
coil (coil + turn) is 76%, implying that Aβ42 is more structured
than Aβ40, which has a random coil of 84%. Our result falls
into the range of other theoretical estimates26,29,64,65 but is still
lower than that of Mitternacht et al.68

Upon mutation, the β-content increases slightly from 21.9 to
24.40 and 22.10%, respectively, for VPV and VNL (Table 2),
implying that the difference between mutations is minor.
Because Aβ42-WT is already a β-rich structure, the impact of

Figure 2. (Upper part) Time dependence of Cα-RMSD at T = 311.8
K for five Aβ42 sequences. Arrow refers to the equilibration time teq =
210 ns when RMSD saturates. (Lower part) The β-content, obtained
for two time windows at T = 311.8 K for five Aβ42 sequences. Black
and red refer to window [210−1000 ns] and [210−500 ns],
respectively. Error bars come from averaging over snapshots collected
at equilibrium.

Table 1. Average Secondary Structures of Aβ40 and Its
Mutantsa

Aβ40

content (%) WT VNL VPV

β 11.97 ± 1.44 16.81 ± 2.23 17.08 ± 2.50
α 3.89 ± 1.23 1.75 ± 1.27 1.53 ± 0.53
turn 65.69 ± 9.72 59.17 ± 8.30 59.70 ± 7.88
coil 18.45 ± 3.54 22.27 ± 4.06 21.69 ± 3.66

aResults were obtained at equilibrium and 311.8 K.

Table 2. Average Secondary Structures of Aβ42 and Its
Mutantsa

Aβ42

content (%) WT VNL VPV

β 21.95 ± 1.91 22.1 ± 3.13 24.40 ± 3.19
α 2.09 ± 1.70 4.07 ± 3.00 2.53 ± 1.46
turn 60.01 ± 7.72 56.73 ± 6.95 54.74 ± 6.45
coil 15.95 ± 3.23 17.11 ± 3.14 18.33 ± 3.25

aResults were obtained at equilibrium and 311.8 K.
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these mutations is not as strong as in the Aβ40 case. Among the
two mutants, VPV has the higher β-content, but within error
bars all variants including WT have the same β-propensities.
Therefore, based on the β-structure populations, we are not
able to explain the super behavior of Aβ42 upon VPV
mutation.25 As shown below, this experimental observation
may be understood based on the substantial increase of
populations of β-turn and β-hairpin at the C-terminus.
For VPV, the β-structure increases dramatically in the 3−7,

11−14, 20−23, and 30−41 regions, whereas VNL reduces β-
content at residues 17−23 but promotes it at the C-terminal
(Figure 4). Overall, the variants with triple mutations have a
minor helix structure, but the α-propensity levels up from
2.09% in WT to 2.53 and 4.07 in VPV and VNL, respectively.
The helix content increases in the N-terminus, 10−20, and 30−
35 regions. Mutations VPV and VNL slightly reduce the SC
(turn + coil) from 75.96% of WT to 73.84 and 73.07%,
respectively, for VNL and VPV (Table 2).

III.IV. FESs. Figures 5 and 6 show representative structures
on the FESs of the VPV and VNL mutations. Overall, the C-
terminus of the Aβ42 variant is more ordered than that of
Aβ40-WT.
The FES of Aβ40 has six most populated conformations

(Figure 5), whereas the VPV mutation FES, which is narrower
in V1 and broader in V2, has seven basins. Table 3 gives the
population of the free-energy local minima and the secondary
structure compositions. In Aβ40-WT, S5 and S6 are more
ordered than the other states having β-content ≈ 30 and 20%,
respectively. S5 and S6 are compatible with the most dominant
structures obtained by Ball et al.61 and Rosenman et al.55 The
α-structure does not occur in any of the structures except S3,
which has α = 15% with 16.4% population, whereas the turn
and coil are present everywhere. The dominant structures in
Figure 5 correctly describe the main feature that VPV and VNL
enhance the β-structure of Aβ40. In the VPV mutation, the β-
structure appears in almost all conformations and the two most

Figure 3. Per-residue distributions of secondary structures of Aβ40 and its mutants. Results were obtained at equilibrium and 311.8 K.

Figure 4. Per-residue distribution of secondary structures of Aβ42 and its mutants. Results were obtained at equilibrium and 311.8 K.
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populated, S1 and S2, have 10 and 32.5% β, respectively. S4
with 15.3% population has neither β- nor α-structure (Table 3).

For Aβ40-VNL, S2 is in the SC and a short helix appears in S6,
whereas the rest of the conformations have a β-structure

Figure 5. Free-energy landscape of Aβ40 and its mutants as a function of the first two principal components V1 and V2. The results were obtained
from the dPCA analysis at 311.8 K. The first residue is highlighted using its all-atom structure.

Figure 6. Free-energy landscape of Aβ42 and its mutants as a function of the first two principal components V1 and V2. The results were obtained
from the dPCA analysis at 311.8 K. The first residue is highlighted using its all-atom structure.
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ranging from 15 to 27.5% (Table 3). The C-terminus structures
of the most populated conformers for Aβ40 and its mutants are
in SC (Figure 7), and more importantly, we do not observe a β-

turn, which may play a crucial role in oligomerization and
toxicity.25 Only one, zero, and three HBs appear in WT, VPV,
and VNL, respectively.
In Aβ42-WT, apart from the low populated S5 (11.6%), the

dominant structures contain β-strands (Figure 6), which is
consistent with the result of Ball et al.61 who showed that β-
strands occur in all representative conformations. However,
Rosenman et al. reported that only the most important
structure with a population of 46% has two β-strands.55 Note
that S3 and S4 in our simulations even have three short β-
strands (Figure 6). The sharp difference between Aβ40 and
Aβ42 is that only the 12.6% populated S5 of Aβ40 has β-
structure (30%), whereas in Aβ42, all conformations contain
the β-structure, except S5 with 11.6% of population (Table 4).
The β-content slightly increases upon the mutations VPV and
VNL (Table 2) and the FESs (Figure 6) display the same trend
that almost all dominant structures of the mutants are
populated with the β-structure.
Figure 7 shows the structures at the C-terminal of the most

populated conformers for Aβ42 and its mutants. Although the
Aβ42 C-terminus appears to be overall disordered, its most
populated structure (19%) has a β-hairpin with the turn located
at residues 36 and 37. The C-terminus of VNL and VPV also
has a β-hairpin. This observation matches the experimental
result of Roychaudhuri et al.,25 whereby the most populated
conformers of Aβ42 and Aβ42-VPV have their C-terminus
structure as a β-hairpin. For the most populated structures, the
VPV mutant has a β-content three-fold higher than that of the

Table 3. Characterization of the Conformational States (S)
of the WT and Mutations of Aβ40 on the Free-Energy
Landscapes Shown in Figure 5

system S P β α turn coil

Aβ40-WT 1 22.7 0.0 0.0 65.0 35.0
2 17.9 0.0 0.0 58.8 41.2
3 16.4 0.0 15.0 70.0 15.0
4 14.2 0.0 0.0 77.5 22.5
5 12.6 30.0 0.0 45.0 25.0
6 11.6 20.0 0.0 55.0 25.0

Aβ40-VPV 1 27.1 10 0 50 40
2 19.3 32.5 0 30 37.5
3 15.5 22.5 0 65 12.5
4 15.3 0 0 65 35
5 8.4 22.5 0 65 17.5
6 7.7 20 0 57.5 22.5
7 6.6 25 0 50 25

Aβ40-VNL 1 19.5 15 0 50 25
2 18.4 0 0 77.5 22.5
3 18.0 27.5 0 45.0 27.5
4 17.0 15 0 67.5 17.5
5 15.2 25 15 37.5 22.5
6 11.8 0 12.5 45.0 37.5

Figure 7. Structures of the most populated conformers for each peptide at the C-terminal of Aβ40 and Aβ42 and their mutants. In the Aβ40 case 1,
0, and 3 HBs occur, respectively, in WT, VPV, and VNL, whereas for Aβ42 there are 3, 7, and 5 HBs in WT, VPV, and VNL.
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WT, which is consistent with the experimental result whereby
VPV displayed a high β-content immediately after dissolution,
whereas Aβ42-WT existed in SC form after 5 days of
incubation.25

In VPV, the β-hairpin is stabilized by seven HBs (Figure 7)
and hydrophobic interactions between Ile31-Ala42, Ile32-Ile41,
Val32-Val40, Leu32-Val39, and Met35-Val38. The hairpin in
the WT is less stable than that of VPV as only three HBs
contribute to its stability (Figure 7). The hairpin at the C-
terminus of Aβ42-VNL is maintained by five HBs and
hydrophobic interactions between the same pairs of residues
as in the VPV case.
III.V. Asp23-Lys28 SB. III.V.I. Definition of SB Based on

the Distance between Atoms Cγ
23 and Nζ

28. Because SB
Asp23-Lys28 plays an important role in the formation of the
cross-β structures of fibrils,69 we studied it in detail. The
distributions of the distances between atoms Cγ

23 and Nζ
28 of

Aβ40-WT and Aβ42-WT have one and two peaks, respectively
(Figure 8), implying that the SB of the latter is less flexible.
This result is also supported by data on the mean SB distance,
which is shorter for Aβ42 (7.97 Å) than for Aβ40 (8.59 Å).
Because imposing a constraint on the Asp23-Lys28 SB
enhances fibril formation,69 our observation agrees with the
well-known fact that Aβ42 self-assembles faster than Aβ40.
Upon VPV and VNL mutation the SB flexibility of Aβ40

does not change as the mean distance between Cγ
23 and Nζ

28
remains nearly the same (≈8.7 Å) (Figure 8). Therefore, the
change in aggregation rates is rather due to enhanced β-content
than due to reduced SB flexibility. The situation is different for
the Aβ42 case, where VPV and VNL increase the SB distance
from 7.9 ± 2.4 for WT to 9.4 ± 1.7 and 9.0 ± 2.5 Å (Figure 8)
suggesting a slowing down of self-assembly. However, one can
expect that this effect is not strong because, within error bars,
the mean distances of the three variants are the same.
Assuming that SB is formed provided the Cγ

23−Nζ
28 distance

is less than 4.6 Å, we showed that the population of SB in Aβ42
is highest but remains low (1.77%) (Table S1). Although the
population of Aβ42 is poor, this result is in qualitative
agreement with the experimental fact that due to reduced
flexibility of the Asp23-Lys28 SB Aβ42 is more fibril-prone than
Aβ40.

III.V.II. More Rigorous Definitions of SB. Because the
definition of SB based on the distance between atoms Cγ

23
and Nζ

28 is flexible, we may have overestimated the SB
population. To check this, we applied a more rigorous
definition based on HB formation, which is equivalent to SB
formation.
Note that the HB between residues 23 and 28 may be

formed by the donor atom Nζ
28 bound to the H atom and

acceptor atom Oδ
23 of Asp23. We used the standard criterion

that HB occurs if the distance between donor and acceptor
atoms is within 3.5 Å, and the acceptor−hydrogen-donor angle
is ≤135° (Section II). Using this criterion and snapshots
collected in equilibrium, one can show that the populations of
Asp23-Lys28 SB of all variants (Table S2) remain practically
the same as in the case when the definition is based on the
Cγ

23−Nζ
28 distance (Table S1). Thus, the SB definition based

on the HB does not change the results obtained by using the
distance between atoms Cγ

23 and Nζ
28 to measure the SB

lifetime.
Next, we consider the SB adopting the definition from

Kumar and Nussinov’s paper70 whereby a SB is formed if (1)
the centroids of the side-chain charged groups of Asp23 and
Lys28 lie within 4.0 Å of each other and (2) at least one pair of
Asp or Glu side-chain carboxyl oxygen atoms and side-chain
nitrogen atoms of Arg, Lys, or His are within a 4.0 Å distance.
With this definition we obtained the SB populations for all
sequences (Figure S3) showing that the three definitions
provide the same result for the SB lifetime during MD
simulation.

III.VI. SB Contact Map. Figure 9 shows the contact maps of
all 18 SBs formed by three positively and six negatively charged
residues for the six variants. The Lys28-Asp23 SB population of
Aβ42-WT (68.2%) is higher than that of Aβ40-WT (50.6%).
For the Aβ40 case, both mutations VPV and VNL slightly
reduce this population. For Aβ42, VPV levels up the propensity
of Lys28-Asp23 contact to 75.5%, but VNL reduces it to 66.5%.
Nevertheless, all Aβ42 variants have a less flexible SB compared
to those of the Aβ40 sequences as Aβ40-VPV and Aβ40-VNL
are populated for 47.7 and 40% of simulation time, respectively.
The population of the Lys28-Glu22 SB of Aβ40-VPV is 22.3%,

Table 4. Characterization of the Conformational States (S)
of the WT and Mutations of Aβ42 on the FESs Shown in
Figure 6

system S P β α turn coil

Aβ42-WT 1 19.0 19.0 7.1 59.5 14.4
2 18.5 14.3 0.0 73.8 11.9
3 17.1 23.8 0.0 57.2 19.0
4 14.8 23.8 0.0 54.8 21.4
5 11.6 0.0 0.0 75.0 25.0
6 9.7 23.8 0.0 71.4 4.8

Aβ42-VPV 1 24.6 33.3 11.9 47.6 7.1
2 20.6 35.7 0.0 47.6 16.7
3 16.2 28.6 0.0 50.0 16.7
4 16.0 19.0 0.0 52.4 28.6
5 15.9 0.0 0.0 61.9 23.8

Aβ42-VNL 1 44.7 16.7 11.9 69.0 2.4
2 22.1 21.4 0.0 26.2 31.0
3 16.8 31.0 0.0 57.1 9.5
4 16.3 21.4 0.0 47.6 7.1

Figure 8. Distribution of Cα23−Cα28 distances of SBs of Aβ and
their mutants. In the Aβ40 case, the mean distances are 8.6 ± 1.5, 8.9
± 2.1, and 8.8 ± 1.9 Å for WT, VPV, and VNL, respectively. For Aβ42,
the distances are 7.9 ± 2.4, 9.4 ± 1.7, and 9.0 ± 2.5 for WT, VPV, and
VNL, respectively.
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which is very close to the 21.4% of Aβ42-WT, which is
consistent with the experimental finding that25 the VPV
mutation causes Aβ40 to oligomerize similarly to Aβ42-WT.
This observation is also supported by the almost equal
populations of the Arg5-Glu11 contact of Aβ42-WT and
Aβ40-VPV (Figure 9). The difference between the two contacts
maps is that the Arg5-Glu22 and Arg5-Asp23 SBs of Aβ42-WT
are more populated than those of Aβ40-VPV. However,
because their propensities are well below 50%, this discrepancy,
presumably, does not result much in a difference in their
behaviors.
The propensity of the Arg5-Glu11 and Arg5-Glu22 SBs of

Aβ42-WT is higher than that of Aβ40-WT. VNL does not
preserve this trend because Aβ42-VNL has a 7.4 and 4.1%
population for Arg-Glu11 and Arg5-Glu22 against the 21.3 and
5.8% populations of Aβ40-VNL. Due to proximity, the Glu3-
Arg5 contact is highly populated in all variants invalidating it as
a good indicator for comparing sequences. Overall, the contact
map of Aβ40-VNL is similar to that of Aβ42-WT but with
reduced propensities of SBs that make it difficult to justify that
Aβ40-VNL oligomerization pathways are similar to those of
Aβ42-WT.
III.VII. Importance of β-Turn and β-Hairpin at C-

Terminus: Truncated Peptides. Because both Aβ40 and
Aβ42 have a turn at residues 6−9 (Turn #1 (T1)), 14−16
(T2), and 23−27 (T3),25 it is reasonable to hypothesize that
these regions cannot alone contribute significantly to the
difference in behavior of the two peptides. However, it was
observed that there is a turn at 35−38 residues (T4) at the
Aβ42 C-terminus with a significantly larger number of
intramolecular contacts than that in Aβ40. More importantly,
a β-hairpin with a β-turn at 36−37 positions occurs in Aβ42 but
not in Aβ40. To confirm this experimental observation, the
REMD simulation was performed for the truncated peptides
Aβ31−40 and Aβ31−42, and their mutants using the PARM99SB
force field and implicit solvent.25 For comparison, we also
carried out the implicit solvent all-atom REMD, but with the
OPLS-AA/L force field.32 The initial structures of truncated
peptides were obtained from the initial structures of the full-
length peptides removing unnecessary fragments. The temper-
atures for replica exchange were chosen to be the same as for
the full-length case (Section II). The duration of MD

simulation was 500 ns, from which the first 100 ns were
excluded as time for equilibrium and snapshots collected in the
last 100−500 ns interval were used for data analysis.
As is evident from Table 5, the populations of β-turn

obtained in our simulations are higher than the values reported

by Teplow’s group.25 This is presumably due to not only the
different force fields used in the simulations, but also the fact
that we used all collected snapshots for estimating the turn
content whereas they took into account only those from the
most populated cluster.25 Nevertheless, both simulations show
that the VPV substitution dramatically levels up the β-turn
propensity at the C-terminus of truncated peptides. The
increase is about 46 and 36% for truncated Aβ42 and Aβ40,
respectively, in our simulation whereas the corresponding
values are 40 and 27% from the previous study.25 Based on the
high β-turn content of Aβ31−40-VPV (35%) relative to Aβ31−42-
WT (25%), Teplow et al. hypothesized that upon VPV
mutation, oligomerization pathways of full-length Aβ40-VPV
become similar to those of Aβ-WT.
We found that the VPV mutation increases the β-hairpin

content (see Figure 7 for representative structures of β-hairpin
with turn at 36−37 positions) of Aβ31−42 from 28.6 to 75.5%
(Table 5). The β-hairpin in our simulations is more abundant
than in the simulations of Teplow et al.,25 who reported 5.5 and
12.5% for Aβ31−42-WT and Aβ31−42-VPV, respectively. Again,
the discrepancy is presumably due to different force fields and
the ways of collecting data, as mentioned above. A hairpin does
not appear in Aβ31−40-WT (0.4%) but upon VPV substitution it
occurs in about 16% of all collected snapshots.
Based on the high β-turn content of Aβ31−40-VPV (35%)

relative to that of Aβ31−42-WT (25%), Roychaudhuri et al.
hypothesized that upon VPV mutation, oligomerization path-
ways of full-length Aβ40-VPV become similar to the Aβ-WT
ones. As is evident from our simulations, the β-turn propensity
of Aβ31−40-VPV (46.6%) is also higher than that of Aβ31−42-WT
supporting this experimental fact25 but, as shown below, this is
not valid for the full-length case.

III.VIII. β-Turn and β-Hairpin at C-Terminus: Full-
Length Peptides. Because the behavior of full-length peptides
may be different from that of truncated ones, we carried out all-
atom REMD simulations for Aβ40 and Aβ42, and their variants
with VPV mutation. The importance of triple mutations at
positions 33, 36, and 38 was further tested through a study of
the impact of a new mutation Gly33Val-Val36Asn-Gly38Leu
(VNL) on β-turn and β-hairpin contents at the C-terminus.
In our simulations, the β-turn content of Aβ40-WT and

Aβ42-WT is higher than that of their truncated fragments
Aβ31−40-WT and Aβ31−42-WT (Tables 5 and 6). Upon VPV

Figure 9. SB contact maps obtained at equilibrium at T = 311.8 K
using the definition of side-chain contact described in Section II. Black
circles refer to contacts that have a population exceeding 50%.

Table 5. Comparison of β-Turn and β-Hairpin Contents (%)
of Truncated Peptides Aβ31−40 and Aβ31−42, and VPV
Mutants with the Results of Roychaudhuri et al.25

(Boldface)a

sequences β-hairpin β-hairpin25 β-turn β-turn25

Aβ31−42-WT 28.6 ± 3.9 5.5 34.0 ± 3.9 25
Aβ31−42-VPV 75.5 ± 3.3 12.5 80.4 ± 5.0 65
Aβ31−40-WT 0.4 ± 0.7 N/A 10.3 ± 0.5 8
Aβ31−40-VPV 15.9 ± 5.0 N/A 46.6 ± 5.0 35

aWe used all collected snapshots in the data analysis whereas only
conformations of the most populated cluster were previously taken
into account.25
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mutation, it drops from 80.4 for Aβ31−42-VPV to 53.8% for
Aβ42-VPV, whereas it is 46.6 and 19.4% for Aβ31−40-VPV and
Aβ40-VPV, respectively. Thus, the size effect is distinct for the
WT and mutations. It should be noted that the difference
between full-length and truncated variants comes from the
cross-talk between regions 1−16 and 17−42, as is evident from
the nonzero populations of SBs Arg5-Glu22, Arg5-Asp23, and
in some cases of Asp7-Lys28 (Figure 9).
The propensity of β-turn of Aβ40-WT (13.3%) is lower than

that of Aβ42-WT (42.9%). There is almost no β-hairpin
centered at V36−G37 in Aβ40 (0.1%) but its occupancy is 14%
in Aβ42 (Table 4). The pronounced difference in the C-
terminal β-turn and β-hairpin results in distinct aggregation
pathways and rates of Aβ40 and Aβ42.
The VPV mutation levels up the population of the β-turn and

β-hairpin of Aβ42 from 42.9 to 53.8% and 14 to 32%,
respectively (Table 4). The increase of these quantities is in line
with the experimental work25 showing that the stability of β-
hairpin is enhanced because Aβ42-VPV displayed a high β-
content immediately after dissolution, whereas Aβ42-WT
existed in SC form after 5 days of incubation. The results of
ThT fluorescence also matches these observations. Thus, the
increased β-hairpin content, relative to that found in Aβ42-WT,
implies that the Aβ42-VPV β-sheet structure is more stable.
More importantly, the enhanced β-turn and β-hairpin contents
of Aβ42-VPV compared to those of Aβ42-WT are consistent
with the experimental fact that these variants oligomerize in
distinct pathways resulting in different oligomer distributions.25

Namely, the method of photo-induced cross-linking of
unmodified proteins showed that Aβ42 displayed monomer
and trimer bands whereas monomer, pentamer, and hexamer
were observed for Aβ42-VPV.
For Aβ40, VPV increases β-turn propensity from 13.3 to

19.4% but leaves the β-hairpin population unchanged (about
0%). This was not surprising considering the decreased number
of HB donors/acceptors and the decreased hydrophobic
interaction potential at the C-terminus of the Aβ40 compared
with that of the Aβ42 peptides (Figure 7). Only three residues
exist after the turn in the Aβ40 system, as opposed to five in the
Aβ42 system, meaning that although the VPV substitution
enables formation of a turn, the overall stability is lower due to
the lack of the other two amino acids. Our result matches that
of Roychaudhuri et al., whereby Aβ40-VPV produces a poor β-
hairpin structure, though the β-turn was observed for residues
35−38.25
Assuming that oligomerization pathways depend on the

existence of a β-turn and β-hairpin at the C-terminus,25 it is
difficult to argue that the VPV mutation makes the behavior of
Aβ40 similar to that of Aβ42 because the propensity of the β-
turn and β-hairpin of Aβ40-VPV is much lower than that of

Aβ42-WT (19.4 and 0% against 42.9 and 14%, Table 6). In
contrast, based on the substantial increase of β-turn in the
truncated fragment Aβ31−40 due to VPV mutation (25% for
Aβ31−42-WT and 35% for Aβ31−40-VPV, Table 5), it has been
proposed that the oligomerization pathways of full-length
Aβ40-VPV and Aβ42-WT are similar.25 Thus, the prediction
based on simulations of short fragments is different to that
obtained from study of the full-length peptides. In our opinion,
to explain why Aβ40-VPV and Aβ42-WT oligomerize similarly,
one has to consider not only the C-terminal β-turn content but
also the β-structure of the whole sequence. Having nearly the
same β-structures (Tables 1 and 2), these sequences are
expected to have similar aggregation rates and pathways.
The VNL mutation levels up the population of β-turn and β-

hairpin at the C-terminal of Aβ42 to the same extent that VPV
does (Table 6) confirming that VNL has the same effect as the
VPV mutation of enhancing the hydrophobic interaction in two
β strands at the C-terminal. Roychaudhuri et al.25 showed that
Aβ42-VPV is more toxic than Aβ42-WT, suggesting that Aβ42-
VNL, which has the same motif of C-terminal structure as that
of Aβ42-VPV, is also expected to be more toxic than the Aβ42-
WT. In other words, upon VNL mutation, Aβ42 becomes
super-Aβ42.
The VNL mutation increases the β-turn propensity of Aβ40

from 13.3 to 16.7% but does not change the β-hairpin
population (about 0%) at the C-end. So, the β-turn and β-
hairpin contents of Aβ40-VNL and Aβ40-VPV are nearly the
same and we expect that the oligomerization pathways of these
sequences will be similar to those of Aβ42-WT, but mainly due
to the mutation-induced enhancement of the β-structure
(Tables 1 and 2).

III.IX. Robustness of Our Results against Force Fields.
The reliability of various combinations of different Amber force
fields and implicit water models has been probed,71−73 but
none of them has pronounced advantages over each other. To
test the robustness of the OPLS results, we additionally
performed the REMD simulation using the force field
Amber9674 and OBC water model33 (now referred to as ff96-
OBC). The rationale for our choice was not only that the ff96-
OBC combination was available in the Gromacs software, but
also because it is capable of distinguishing structured from
unstructured conformations and predicting a β-hairpin when
appropriate.73

For the REMD simulation with 500 ns per replica we used
the same temperature interval as in the OPLS case. Monitoring
the time dependence of RMSD, one can show that all studied
systems involving Aβ40-WT, Aβ40-VPV, Aβ42-WT, and Aβ42-
VPV reached equilibrium at about 210 ns (results not shown).

III.IX.I. Secondary Structures of the Whole Sequences.
Using structures sampled in the last 290 ns, we estimated the
secondary structures shown in Table S4. ff96-OBC gives a
much higher β-content compared to that from OPLS (Tables 1
and 2) and other simulation estimates.26,29,64,65 However, for
Aβ40-WT, the β-structure of 27% is compatible with 25%
reported by Rosenman et al.,55 and for Aβ42-WT, our value of
49% is not far from the value of 56% from Mitternacht et al.68

Although the β-sheet is highly populated in ff96-OBC, this
model captures the main fact that Aβ42-WT is more ordered
than Aβ40-WT. More importantly, upon VPV mutation the β-
structure levels up from 27 to 54% (Table S4), which is close to
49% of Aβ42-WT. The turn and coil populations of Aβ40-VPV
are also nearly equal to those of Aβ42-WT. In addition, the per-
residue distributions of β-content of these two sequences are

Table 6. Occupancy of β-Turn at Residues 36, 37, and β-
Hairpin at C-Terminal of Full-Length Aβ and Their
Mutantsa

sequences β-turn (%) β-hairpin (%)

Aβ42-WT 42.9 ± 1.5 14.0 ± 1.8
Aβ42-VPV 53.8 ± 2.4 32.0 ± 3.5
Aβ42-VNL 53.9 ± 4.0 32.0 ± 5.0
Aβ40-WT 13.3 ± 0.6 0.1 ± 0.3
Aβ40-VPV 19.4 ± 1.4 0.0 ± 0.1
Aβ40-VNL 16.7 ± 1.2 0.5 ± 0.5

aResults were obtained at equilibrium.
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similar such that the most populated residues (>50%) are 2−4,
10−14, 18−23, and 31−37 for Aβ40-VPV, and for Aβ42-WT,
they are 2−5, 9−13, 18−23, 30−35, and 38−41 (Figures S1
and S2). Taken together, similar to OPLS, ff96-OBC mimics
the key experimental fact25 that in terms of aggregation
properties, the mutation VPV makes Aβ40 behave like Aβ42.
With the VPV mutation, a slight increase in β-content was seen
in both OPLS and ff96-OBC (Tables 2 and S2).
III.IX.II. Population of β-Turn and Hairpin at C-Terminus.

As in the OPLS case, the VPV mutation only slightly levels up
the populations of β-turn at residues 36 and 37, and of the
short hairpin at the C-terminal of Aβ40 such that they still
remain far below those of Aβ42-WT (cf. Tables 6 and S5). In
other words, such an effect is not strong enough to change the
aggregation kinetics of Aβ40. Therefore, together with OPLS
the ff90-OBC combination supports our main hypothesis that
the promotion of β-content of the whole sequence is the main
factor in converting the Aβ40 behavior into Aβ42 behavior
upon VPV mutation. We anticipate that this conclusion remains
valid in other force fields.
Similar to the OPLS case for Aβ42, the VPV mutation

significantly increases the β-turn from 42.3 to 72.6%, and the
occupancy of hairpin, centered at 36−37 residues, jumps from
29.8 to 60.7%. This result is in the line with the experimental
fact that the VPV mutation produced super-Aβ42.25 Thus, both
force fields can capture the superior behavior of Aβ42-VPV.

IV. CONCLUSIONS

By REMD simulation with the OPLS-AA/L force field32 in
implicit solvent, we have clarified the influence of the VPV and
VNL mutations on the structures of Aβ40 and Aβ42. In
agreement with recent experiments,25 we showed that Aβ42-
WT is richer in β-turn at the C-terminus than that of Aβ40-
WT. Furthermore, a short β-hairpin centered at 36−37 residues
occurs in Aβ42 but not in Aβ40. VPV and VNL mutations
promote the β-structure in both Aβ40 and Aβ42, in particular,
making the C-terminal of Aβ40 mutants more ordered than
that of its WT. The β-turn content at this end is more
populated but the mutations fail to promote formation of a β-
hairpin, as in the Aβ42 case, due to the lack of the last two
residues. However, present and previous25 simulations show
that a short β-hairpin is populated in the truncated Aβ31−40-
VPV with a considerable amount of β-turn at the C-terminal.
Based on this fact, Roychaudhuri et al.25 hypothesized that
oligomerization pathways of Aβ40-VPV are similar to those of
Aβ42-WT due to the high content of β-turn. In contrast, our
simulations for full-length peptides show that although VPV
mutation promotes β-turn at the C-terminal of Aβ40, it remains
noticeably lower than that of Aβ42-WT. In addition, a short β-
hairpin centered at 36−37 positions is present in Aβ42-WT but
not in Aβ40-VPV. All of this evidence led us to the suggestion
that similar aggregation pathways of Aβ40-VPV and Aβ42-WT,
revealed by experimental data on oligomer distributions, were
caused not only by the presence of β-turn and hairpin at the C-
terminal (Table 6) but also by increased β-content over the
whole sequence upon mutation (Tables 1 and 2).
We have shown that the cross-talk between charged residues

in the N- and C-terminal is behind the distinct contents of β-
turn and β-hairpin at the C-terminal of full-length and
truncated peptides. Therefore, one of our main findings is
that predictions for the full-length case based on results
obtained for truncated variants may be misleading.

For Aβ42, VPV and VNL produce super-Aβ42 enhancing the
β-ordering, and in particular, the stability of the C-terminal.
Because Aβ42-VPV is more toxic than WT,25 and both mutants
have the same β-turn and β-hairpin contents at the C-terminal
(Table 6), one can expect that Aβ42-VNL is also more toxic
than Aβ42-WT. It would be very interesting to check this
prediction, as well as the similarity in self-aggregation pathways
of Aβ40-VNL and Aβ42-WT by in vitro experiments.
Because the hydrophobicity of Gly, Val, Pro, Leu, and Asn is

−0.4, 4,2, −1.6, 3.8, and −3.5, mutations VPV and VNL level
up the total hydrophobicity by 3.4 and 1.1, respectively. Thus,
the enhancement of Aβ stability or of the fibril-prone state
propensity is ultimately due to an increase in hydrophobicity,
which is consistent with general principles governing fibril
formation.57 The new observation here is that the hydro-
phobicity enhancement due to mutations at positions 33, 36,
and 38 promote β-hairpin and β-turn centered at 36−37
residues not only in truncated fragments25 but also in full-
length peptides, as shown for the first time in this work. To
further cement this point of view, in addition to VNL, we also
carried out simulations for the Gly33Val-Val36Asp-Gly38Leu
(VDL) mutation, which increases hydrophobicity by 1.1, as in
the VNL case. The obtained results (not shown) fully support
the important role of enhanced hydrophobicity in stabilizing
the β-turn and hairpin structure at the C-terminus. The role of
the charged residue Asp36 seems to be minor compared to the
hydrophobic effect.
The robustness of our results against theoretical models was

probed by performing additional simulations with the Amber96
force field in combination with implicit OBC water model. We
have shown that although in ff96-OBC, the Aβ monomers
become more ordered than those in OPLS, the increase in β-
content of Aβ40 upon VPV mutation is a key factor in
converting the Aβ40 behavior into Aβ42 behavior because the
change in population of the β-turn and hairpin at the C-
terminus is minor. In the Aβ42 case, both force fields ascertain
that the increased population of the β-turn and hairpin leads to
the super behavior of Aβ42-VPV. Thus, our main results are
supported by two force fields with different implicit water
models. As mentioned above, because water bridges play a
minor role in the stability of intrinsically disordered Aβ, the
application of all-atom models with explicit water presumably
will not change the major conclusions. However, this
interesting problem is left for future study.
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