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ABSTRACT: Recent experiments have shown that the
Taiwan mutation (D7H) slows the fibril formation of amyloid
peptides Aβ40 and Aβ42. Motivated by this finding, we have
studied the influence of D7H mutation on structures of Aβ
peptide monomers using the replica exchange molecular
dynamics simulations with OPLS force field and implicit water
model. Our study reveals that the mechanism behind
modulation of aggregation rates is associated with decrease
of β-content and dynamics of the salt bridge D23−K28.
Estimating the bending free energy of this salt bridge, we have
found that, in agreement with the experiments, the fibril
formation rate of both peptides Aβ40 and Aβ42 is reduced
about two times by mutation.

■ INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
dementia among the senior population that is increasing
substantially as populations age.1 The patient with AD will lose
memory,2 experience language decay3 and problems with
visual−spatial search,4 etc. AD may be pathologically
characterized by progressive intracerebral accumulation of
beta amyloid (Aβ) peptides5 and tau protein.6 However, recent
genetic and pathological evidence strongly supported the first
hypothesis.7,8 The Aβ peptides are proteolytic byproducts of
the amyloid precursor protein and are most commonly
composed of 40 (Aβ1−40) and 42 (Aβ1−42) amino acids. Aβ
peptides appear to be unstructured in the monomer state but
aggregate to form fibrils with an ordered cross-β-sheet
pattern.9−12

Increasing evidence from recent studies indicate that soluble
oligomers are most neurotoxic,5,13−15 while mature fibrils may
be not toxic. The aesthetic of the cerebral defects in AD
correlates with levels of oligomers in the brain, not the total Aβ
stress.16,17 Thus, the precise mechanism of toxicity of amyloid
aggregates is not fully elucidated; however, there is evidence
that prevention or reversion of the amyloid aggregation is
beneficial. On the other hand, it is well-known that mutations
can alter the toxicity, assembly, and rate of fibril formation of
Aβ peptides. Because the turn region 21−23 of Aβ peptides
might play a crucial step in fibril formation, numerous
experimental18−23 as well as theoretical24−31 studies have

been performed for various mutations in this region including
the Flemish (A21G), Dutch (E22Q), Italian (E22K), Arctic
(E22G), Iowa (D23N), and Osaka (ΔE22, deletion) variants.
The G25L, G29L, G33L, G33A, G33I and G37L mutants of
Aβ42 undergo β-sheet and fibril formation at an increased rate
compared with wild-type (WT) Aβ42.

32−35 On the other hand,
as the region 1−8 of Aβ40 and 1−16 of Aβ42 were believed to be
disordered in the fibril state,36,37,12 the mutation in the N-
terminal has attracted a little attention of researchers. However,
recent experiments38−40 have suggested that residues at the N-
terminal may be ordered and this terminal could carry some
structural importance. The English (H6R),41,42 Taiwanese
(D7H),43 and Tottori (D7N)42,44,45 mutations alter the fibril
formation rate and the survival of cells without affecting Aβ
production.42 The mutation A2V was found to enhance Aβ40
aggregation kinetics, but the mixture of the Aβ40 WT and A2V
peptides protects against AD.46 Using single-molecule atomic
force microscopy (AFM) force spectroscopy, one can show that
the N-terminal plays a key role in the peptide interaction in Aβ
dimers.47

The all-atom replica exchange48−51 molecular dynamics
(REMD) simulations were performed to understand the
influence of the mutation A2V on equilibrium ensemble of
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the truncated peptide Aβ1−28.
52 The impact of D7N and H6R

on the aggregation and structure dynamics of alloforms Aβ40
and Aβ42 has been studied in our previous simulations.53,54

Contrary to D7N and H6R, D7H increased Aβ production and
Aβ42/β40 ratio. The effect of D7N on the fibril formation is two-
fold: it elongates the lag phase but promotes the fibril
formation in the sense that the oligomer and fibril expression
is elevated as the ThT fluorescence intensity in the saturation
phase is higher than that in WT.43

In this paper we present the structure changes of alloforms
Aβ40 and Aβ42 peptides under Taiwanese D7H mutation using
the REMD simulations with the OPLS force field55,56 and
implicit solvent57 at the microsecond timescale. It is shown
that, in accord with the experiments,43 mutation D7H slows the
fibril growth of both peptides Aβ40 and Aβ42. The mechanism
underlying this effect is associated with the reduction of beta
structures and enhanced flexibility of the salt bridge D23−K28.
In addition, we predict that D7H has little impact on the
collision cross section (CCS) of monomers of Aβ peptides.

■ MATERIALS AND METHOD
Initial Structures of Aβ Peptides and Their Mutants.

The crystal structures of full-length Aβ40 (PDB entry 1BA458)
and Aβ42 (PDB entry 1Z0Q59), taken from the Protein Data
Bank (PDB), are rich in helix as they have been solved in
micellar solutions (Figure 1). The mutants Aβ40-D7H and
Aβ42-D7H were obtained from the wild-type structures by using
mutation tools in pymol.60

Terminology. The Aβ peptide was segmented into 4 regions:
the N-terminal (residues 1−16), the central hydrophobic core
(CHC) (residues 17−21), the fibril-loop region (residues 22−
29), and the C-terminal (residues 30−42). For simplicity in
what follows, the WT and D7H monomers will be referred to
as Aβ40-WT, Aβ40-D7H, Aβ42-WT, and Aβ42-D7H.
Molecular Dynamics Simulations. The GROMACS 4.5.5

package61 was used to run molecular dynamics (MD)
simulations with the OPLS-AA/L force field56 and the implicit
solvent using the generalized Born (GB) model.62 The OPLS-
AA force field was used because the OPLS-generated
conformations for the Aβ40 and Aβ42 monomer match
reasonably the NMR data.63 In addition, many studies have
shown that OPLS is suitable for exploring the aggregation of
several Aβ fragments64 and gives results qualitatively similar to
that found using the CHARMM force field for the Aβ10−35
dimer.65 The implicit solvent was chosen because of limitations
of our computational facilities, but this would not affect much

our main conclusion as we compare WT and mutant. The
equations of motion were integrated by using a leapfrog
algorithm66 with a time step of 2 fs. The LINCS algorithm67

was used to constrain the length of all bonds. The dielectric
constant for the implicit solvent was set to 78.3. The V-rescale
temperature coupling, which uses velocity rescaling with a
stochastic term,68 allows one to couple each system to a heat
bath with a relaxation time of 0.1 ps. The van der Waals (vdW)
forces were calculated with a cutoff of 1.4 nm, and the particle
mesh Ewald method69 was employed to treat the long-range
electrostatic interactions. The nonbonded interaction pair list,
with a cutoff of 1 nm, was updated every 10 fs.
For REMD simulation, the number of replicas is 12 for all

systems. The temperature of replicas were determined by using
the method recently proposed by Partrisson and van der
Spoel70,71 with requested acceptance ratio of ≈20%. The lowest
and highest temperatures are 270 and 566 K for Aβ40 systems
and 270 and 566 K for Aβ42 systems (T = 270.0, 290.2, 311.8,
334.5, 358.4, 383.5, 410.1, 438.0, 467.5, 498.5, 531.2, 566.0 K).
Exchanges between replicas were attempted every 2 ps, which is
large enough compared to the coupling time of the heat bath.
Each replica was run for 1000 ns, and the data were collected
every 10 ps.

Tools and Measures Used for Data Analysis. Secon-
dary Structure. To estimate secondary structures of Aβ1−40
peptide, we used the STRIDE algorithm72,73 because the
definition of secondary structures in this algorithm is based not
only on dihedral angles but also on HBs.

Salt Bridge. A salt bridge (SB) between two charged residues
was considered formed if the distance between two specific
atoms remains within 4.6 Å. For SB 23−28, we consider the
distance between Cγ atom of the Asp23 residue and the Nζ

atom of the residue Lys28.
Free-Energy Landscapes. The free-energy surface along the

N-dimensional reaction coordinated V = (V1,...,VN) is given by
ΔG(V) = −kBT[ln P(V) − ln Pmax], where P(V) is the
probability distribution obtained from a histogram of MD data.
Pmax is the maximum of the distribution, which is subtracted to
ensure that ΔG = 0 for the lowest-free-energy minimum. We
used dihedral principal component analysis (dPCA)74 and the
two most important eigenvalues V1 and V2 to construct the
free-energy surface.

Collision Cross Section. The collision cross section of all
dominant structures on the free-energy surface was also
calculated using the MOBCAL software and the trajectory
method,75 which treats the molecule as a collection of atoms
represented by a 12−6−4 potential and is often used for
proteins.76

■ RESULTS AND DISCUSSION

Equilibration. To demonstrate the performance of the
REMD algorithm, Figure S1 in Supporting Information shows
the time evolution of exchange partners for Aβ40-WT (similar
results for other sequences are not shown). Clearly, during the
course of the simulation each replica is visited many times by
each trajectory; in other words, each trajectory performs a
random walk in temperature space ensuring that our choice for
the temperature set is reasonable. Furthermore, Figure S2 in
Supporting Information shows the distribution of the potential
energy for all of the replicas for Aβ42-WT. As the temperature
increases it becomes more and more broad. For adjacent
temperatures the corresponding distributions have enough

Figure 1. Initial structures for MD simulations of Aβ40 and Aβ42. Red
refers to residue 7 where the mutation is made.
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overlap, which guarantees reasonable exchange probabilities (≈
20%).
To ascertain that our data are well-equilibrated, we calculated

the secondary structure contents for two time windows [teq, t1]
and [teq, tfull]. Here the equilibration time teq = 210 ns for all
systems, while time of the entire MD run tfull = 800 and 1200 ns
for Aβ40 and Aβ42 sequences, respectively. We chose t1
approximately in the middle of teq and tfull, i.e., t1 = 500 for
Aβ40 and 700 ns for Aβ42. If the results obtained for two
windows coincide, then the system can be considered to be
equilibrated. For all four sequences, the β-contents obtained for
two windows are essentially the same at T = 311.8 K (Figure 2)

and T = 290.2 K (Figure S3 in Supporting Information),
supporting convergence of our data. Similar results were also
obtained for turn (Figures S4 and S5 in Supporting
Information), helix, coil (not shown), and the distribution of
end-to-end distance for four sequences (Figures S6 and S7 in
Supporting Information). Thus, our replica exchange simu-
lations provide the equilibrated data. Hereafter, results obtained
for the wider time window will be presented.
Impact of D7N on Secondary Structures of Aβ40. The

mean value of β, helix, turn and coil contents, obtained in
equilibrium at T = 311.8 K for Aβ40-WT, is 12.7, 0.2, 62.1 and
25%, respectively (Table 1). Overall, our results with relatively
poor beta structure (12.7%) and almost no helices (0.2%) agree
with the experiments of Zhang et al.77 and Danielsson et al.78

showing that the Alzheimer’s Aβ peptide adopts a collapsed coil

structure in water.77 Using filtration though 10 000 molecular
weight cutoff, circular dichroism (CD) of all low molecular
weight Aβ40-WT aggregates gives 88% of random coil and turn,
12% of β-strand and 0% of α-helix at 295 K, pH 7.5 and day
0.79 In contrast, another preparation of Aβ40-WT aggregates
gives a β-strand of 25% for the monomer.80 Our 87% of coil +
turn for Aβ40-WT is in agreement with the first preparation
(88%) and the discrete MD-MD multiscale approach (94%).81

Our simulations provide the α-content lower than that of
previous coarse-grained UNRES82 but comparable with that of
all-atom results of Viet et al.53,83 Sgourakis et al.63 have used
Amber-derived PARM94, PARM96, MOD-PARM, GROMOS,
and OPLS force fields, while a recently improved version of the
Amber force field PARM99SB has been employed by Yang and
Teplow84 to study dynamics of Aβ peptides in aqueous
solution. Our estimate of β-content (12.8%) is compatible with
the results reported by these groups. The REMD simulation
protocol coupled with the OPLS-AA/L force field and the
TIP3P water model yields β ≈ 25%, which seems to be high for
Aβ40.

85 The discrete molecular dynamics combined with the
four-bead protein model gives β ≈ 19% for full-length Aβ40 and
15% for the truncated Aβ3−40.

86 These estimations are a bit
higher than ours.
Upon mutation, the total β-propensity of Aβ40 is slightly

reduced from 12.7 to 8.2% (Table 1), but the per-residue
population varies along the sequence with the increase at
residues 5 and 6 (Figure 3). The substantial reduction in the

regions 12−23 and 30−39 while leaving the turn in the loop
region 22−29 almost unchanged implies that, in accord with
experiment, the mutation retards the fibril formation because
the population of the fibril-prone state N* is decreased.65,87 As
follows from Table 1 and Figure 3, the mutation has a minor
effect not only on the overall content of α-helix, turn, and coil
but also on their per-residue propensities.
One can show that the influence of D7H on the secondary

structures at 290.2 K is similar to that at T = 311.8 K (Figure S8
and Table S1 in Supporting Information). Thus, the depression
of aggregation is also expected at this temperature.

Figure 2. β-contents obtained for time windows [210, 500 ns] and
[210, 800 ns] for Aβ40 and [210, 700 ns] and [210, 1200 ns] for Aβ42.

Table 1. Average Secondary Structures of Aβ40 and Aβ42 and
Its Mutant (D7H)a

Aβ40 Aβ42

content (%) WT D7H WT D7H

β 12.7 ± 3.2 8.2 ± 3.0 26.2 ± 3.6 14.4 ± 4.2
α 0.2 ± 1.3 1.6 ± 2.5 0.0 ± 0.0 1.0 ± 2.4
turn 62.1 ± 4.9 65.4 ± 4.8 52.6 ± 4.2 62.7 ± 5.0
coil 25.0 ± 3.1 24.8 ± 4.5 21.2 ± 3.2 21.9 ± 4.1

aThe data is the average of the last 800 ns for Aβ40 systems and 1200
ns for Aβ42 systems at 311.8 K.

Figure 3. Distributions of secondary structure of Aβ40 and its mutant
at 311.8 K. Results were obtained from the time window [210, 800 ns]
of MD simulations.
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Impact of D7N on Secondary Structures of Aβ42. We
first compare our results obtained by the OPLS force field with
implicit solvent for Aβ42-WT with those of the previous studies.
As follows from Figures 3 and 4 and Table 1, the β-strand

abundance of Aβ42-WT (26.2%) is markedly higher than that of
Aβ40-WT (12.7%). This is consistent with the results reported
in prior theoretical works26,53,63,84,88,89 and the experimental
observation90 that Aβ42 aggregates much faster than Aβ40,
having higher population of fibril-prone state N*.87 The high β-
content occurs at residues 19−23 (Figure 4), which is
consistent with Rosenman et al.85 who observed high β-
population at residues 16−23 using the OPLS-AA/L force field
with explicit water model TIP3P. Having performed all-atom
simulations with Amber ff99SB force field and TIP4P-Ew water,
one can show that region 16−21 is rich in β-structure.91

The C-terminal is rich in β-propensity (Figure 4) at residues
31−35 and 39−41, whereas other theoretical studies showed
that the β-structure is mainly located in region 38−41,63 32−
36,84 27−37,85 29−36,91 or 37−40.83 The C-terminal is much
more ordered than the N-terminal, and this is in line with the
fact that the C-terminal is fibril-prone, as observed in the
experiment of Luhrs et al.12 and with the simulations in which
the Aβ42 fibril growth initiates from this terminal.92 Contrary to
our other theoretical studies, it was shown that the C-terminal
is poorer in β-structure than the N-terminal25 using the implicit
solvent coarse-grained model OPEP. It remains unclear if this is
due to drawbacks of coarse-graining or other reasons. The
discrete MD coupled with the four-bead model has also
predicted a β-strand in the N-terminus.88 The β-content
obtained in our simulations is higher than that of Velez-Vega
and Escobedo,93 Yang and Teplow,84 and Cote et al.25 but
significantly lower than the result reported by Mitternacht et
al.29 Such an abundance of β-structure, obtained by these
authors, may be associated with omission of the electrostatic
interaction in their force field.94

As in the Aβ40 case, the α-content of Aβ42-WT is almost zero
(Table 1). This is comparable with results of other
groups,25,93,95 but lower than that reported by Yang and
Teplow.84 In equilibrium, the random coil (coil + turn) is

72.4% (Table 1), implying that Aβ42 is more structured than
Aβ40 having random coil of 87%. Our result falls into the range
of other theoretical estimates,25,63,84,93 but is lower than that of
Mitternacht et al.29

Upon mutation, the β-content drops from 26.2% to 14.4%
(Table 1). Because the substantial reduction occurs at fibril-
prone regions expanded over residues 19−23, 31−35, and 39−
41, one can expect that, in accord with experiment,43 D7H
slows aggregation. The mutation levels up the turn from 52.6%
to 62.7% (Table 1), and the increase of turn at segments 19−21
and 30−41 (Figure 4) provides further support for the
experimental finding. The enhancement of the turn content
at residues 22−23 in the fibril-loop region probably has minor
impact on the fibril formation. The overall propensity of α-helix
and coil remains almost untouched by the mutation, but we see
variations of per-residue distributions of coil along the sequence
(Figure 4). The impact of coil enhancement at residues 6, 7,
and 13 in the disordered fragment is presumably canceled out
by its decrease at positions 1−5 from the same fragment.
The effect of mutation at T = 290.2 K is similar to that at T =

311.8 K, as is evident in Table S1 and Figure S9 in Supporting
Information. Therefore, D7H is expected to slow the fibril
formation at this temperature.

Mutation Slightly Alters the Collision Cross Section.
Free-Energy Surfaces. The free-energy surfaces (FESs) and the
dominant structures of four species, obtained in the equilibrium
at 311.8 K, are shown in Figure 5. The FES of Aβ40-D7H is
broader along V2 and a bit more complex than WT, but both of
them have four dominant basins. Table 2 gives for each free-
energy local minima its population, the secondary structure
composition, and the CCS. In Aβ40-WT structures, S2 and S4
are more ordered than S1 and S3 as their β-content β ≈ 30 and
15%. In terms of β-content, S2 and S4 are compatible with the
most dominant structures obtained by Ball et al.91 and
Rosenman et al.85 The α-content of all representative structures
is zero, while the coil varies between 10% of S2 and 37% of S3,
and the turn is in the range of 60−78%. Two short β-strands
with β = 15% occur in S1 of Aβ40-D7H, whereas S2 and S3
contain α-helix. The low populated S4 has neither β- nor α-
structure, and its coil (70%) is poorer than its turn (30%).
Overall, the dominant structures in Figure 5 correctly describe
the main impact of mutation that reduces the β-structure.
Similar to the Aβ40 case, the mutation makes the FES of Aβ42

broader but in both axes V1 and V2 (Figure 5). Except structure
S3, which has population of only 19%, the dominant structures
of Aβ42-WT contain β-strands, and this is consistent with the
result of Ball et al.91 showing that β-strands occur in all
representative conformations. However, Rosenman et al.
reported that85 only the most important structure with
population of 46% has two β-strands.
The sharp difference between WT and D7H is that the two

most populated structures of WT contain β-strands, which it is
not the case for D7H (Table 2). A total population of S1, S2,
S4, and S5 of Aβ42-WT that have β-structures is 81% versus
64% of S3 and S4 on the Aβ42-D7H FES. The first two minima,
representing 54% and 51% of all conformations for the WT and
D7H sequences, respectively, have the mean coil 19% and
≈40% in WT and D7H species, resprectively. Their turn in WT
is also lower than in D7H.

Collision Cross Section. Using dehydrated and energy-
minimized dominant structures on the FES (Figure 5) and the
trajectory method,75 we have computed CCSs for all sequences
(Table 2). The mean value of CCS of Aβ40-WT is equal 717 ±

Figure 4. Distributions of secondary structure of Aβ42 and its mutant
at 311.8 K. Results were obtained from the time window [210, 1200
ns] of MD simulations.
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16 Å2 at 311.8 K. The mutation slightly changes this result to
694 ± 21 Å2 for Aβ40-D7H. We obtained CCS of 756 ± 21 Å2

and 749 ± 18 Å2 for β42-WT and Aβ42-D7N, respectively. The
ion-mobility-based mass spectroscopy experiment96,97 gives
CSSs equal 679 ± 8 for Aβ40 and 693 ± 8 Å2 for Aβ42. Thus,
our results fall in the range of experimental estimations, but the
best agreement with the experiment was obtained for structure
S1 of Aβ40-WT with CCS of 689 Å2 (Table 2). Using the
REMD with a generalized Born approximation, Baumketner et
al. also determined a CCS of 765 Å2 for Aβ42-WT, which is very
close to our estimation of 756 ± 21 Å2. Utilizing the
conventional MD with OPLS force field and explicit water,
Viet et al.53 have obtained 750 ± 13 Å2 and 783 ± 48 Å2 for
Aβ40-WT and Aβ42-WT, respectively. Within the error bars
these estimations are comparable with ours. Gessel et al.
reported that the CCS does not vary much upon mutation
D7N, A21G, and E22G.96 Our finding is in qualitative
agreement with this finding that D7H also has little effect on
CCSs (Table 2).
We have constructed the FES for all sequences at T = 290.2

K (Figure S10 in Supporting Information). The structural
characteristics and SSC of dominant structures are given in
Table S2. The mean values of SSC are 712 ± 20, 693 ± 10, 727
± 23, and 724 ± 11 Å2 for Aβ40-WT, Aβ40-D7H, Aβ42-WT, and
Aβ42-D7H, respectively. Within the error bars, the estimations

for WT are in the range of the experimental data.96,97 At the
lower temperature, the structure of peptides becomes more
compact, manifesting in narrower CCS compared to that at T =
311.8 K.

Impact of D7H on the Bending Free Energy and Fibril
Formation Rates. Figures S11 and S12 in Supporting
Information show the distributions of the distance between
Cγ atom of the Asp23 residue and the Nζ atom of the residue
Lys28 at 311.8 K and 290.2 K, respectively. Assuming that SB is
formed if the distance between C23

γ and N28
ζ is smaller than 4.6

Å, then the lifetimes of WT as well as mutants are very short.
For Aβ42, the SB becomes more flexible upon mutation,
suggesting that D7H retards the fibril formation observed in the
experiments. This effect is much less visible from the SB
dynamics of Aβ40 sequences.
Assuming that the mechanism of acceleration of fibril

formation by mutation is governed by the constraint of the
salt bridge 23−28 as suggested by other computational
studies65 and by the role of a lactam bridge connecting
residues 23−28 that suppresses the lag phase prior to Aβ40
nucleation,98 we can estimate the bending free energy as
follows:

Δ = −
< ̅
> ̅

α α

α α
− −

− −
G k T

P R R
P R R

ln
( )
( )bend B

23 28 23 28

23 28 23 28 (1)

Figure 5. Free-energy landscape of Aβ40 and Aβ42 and their 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.
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where R̅23−28
α is an average Cα distance between residues 23 and

28 and P(R23−28
α < R̅23−28

α ) and P(R23−28
α > R̅23−28

α ) are the
probabilities of having the SB distance smaller and greater than
R̅23−28
α , respectively. The distributions of Cα distances for four

sequences are shown in Figure 6 for T = 311.8 K and Figure S9
for T = 290.2 K; P(R23−28

α < R̅23−28
α ) and P(R23−28

α > R̅23−28
α ) are

given in Table 3 and Table S3 in Supporting Information.

The mutation shifts the bending free energy by ΔΔGbend =
ΔGbend(D7H)−ΔGbend(WT). At T = 290.2 K, using data in
Table S3 in Supporting Information, we obtain ΔΔGbend/kBT =
−0.494 ± 0.08 and −0.544 ± 0.07 for Aβ40 and Aβ42,
respectively. Because ΔΔGbend is related to the fibril formation
rates κWT and κD7H as ΔΔGbend = kBT ln(κD7H/κWT), the
mutation slows fibril formation by 0.61 and 0.58 times for Aβ40

and Aβ42, respectively. Using data in Table 3 one can show that
for T = 311.8 K the aggregation rates are reduced by 0.59 and
0.64 times for Aβ40 and Aβ42, respectively (Table 4). Thus, our

results are in good agreement with experiments43 which point
to about 2-fold rate decrease for both peptides. It should be
noted that the effect of the Taiwan mutation is in sharp contrast
with that of the Tottori mutant D7N which leads to nearly 10-
fold enhancement in fibril growth.45

Comparison between Mutants D7N and D7H. A turn at
Ser8-Gly9 might be particularly important because it can bring
the N-terminal quarter of the peptide into contact with the
CHC region modulating substantially the Aβ assembly
kinetics.99 Being in proximity with the putative Ser8-Gly9
turn the mutations D7H and D7N may affect it and through
this effect alter the aggregation rate.45 This point of view is
supported by simulations on all D7N species with an increased
turn propensity at residues 5−12 (Aβ40 monomer) and 1−9
(Aβ42 monomer).

53 Upon D7H mutation, the turn content at
Ser8-Gly9 remains unchanged in Aβ40 and Aβ42 monomers
(Figures 3 and 4). It increases at residues 1−4 for Aβ40 and at
1−5 for Aβ42, but reduction occurs at 5−7 for Aβ40 and 6−7 for
Aβ42. Thus, the effect of D7H on the proximity of the N-
terminal quarter with the CHC region is less pronounced than
that of D7N. This agrees with the experimental observations
that D7N accelerates the lag phase by ≈10-fold in Aβ40 and ≈5-
fold in Aβ42 system,45 while the slowing by D7H is only 2-
fold.43

The experimental study of temporal changes in the
secondary structure45 revealed that D7N accelerates the
conversion from random coil to β-sheet via α-helix. This
observation was supported by our previous simulations53 that
D7N reduces coil by 5% and 14% in Aβ40 and Aβ42. If we
consider turn and coil as random coil, then upon mutation
D7H, the random coil levels up ≈2% in Aβ40 and 12% in Aβ42,
supporting the aggregation retardation.43

Upon D7N mutation, the overall charge at the N-terminal is
reduced resulting in a weaker repulsion between two chains and
consequently in faster aggregation. The D7H mutation also
reduces the net charge of Aβ peptides, but at neutral pH,
histidine as a basic polar can be either neutral (90%) or
positively charged (10%), leading to less impact on the
assembly kinetics compared to D7N. This is in qualitative
agreement with the experiments and our simulations.

Reliability of Results Obtained in Implicit Solvent. The
reliability of our implicit solvent results may be checked by

Table 2. Characterization of the Conformational States (S)
of the WT and D7H Aβ40 and Aβ42 Indicated on the Free-
Energy Landscapesa

system S P β α turn coil CCS

Aβ40-WT 1 29 0 0 78 22 689
2 28 30 0 60 10 729
3 23 0 0 63 37 726
4 20 15 0 63 22 724

Aβ40-D7H 1 39 15 0 65 20 682
2 29 0 8 60 32 692
3 17 0 13 77 10 703
4 15 0 0 70 30 689

Aβ42-WT 1 29 29 0 52 19 766
2 25 31 0 50 19 725
3 19 0 0 60 40 725
4 17 21 0 48 31 797
5 10 30 7 69 3 768

Aβ42-D7H 1 27 0 0 62 38 744
2 24 0 0 57 43 740
3 21 33 0 55 12 761
4 17 31 0 55 14 761
5 11 0 0 71 29 738

aShown are the population P (percent), the secondary structure
contents (percent), and collision cross section (square angstroms) at T
= 311.8.2 K.

Figure 6. Distributions of Cα distances of salt bridges of Aβ40 and
Aβ42 sequences at 311.8 K. Black and green lines refer to WT and
D7H, respectively.

Table 3. Distribution of CA22−CA28 and CA23−CA28
Distances (Angstroms) of Aβ40 and Aβ42 and its Mutant
Systems at 311.8 K

peptide Aβ40-WT Aβ40-D7H Aβ42-WT Aβ42-D7H

R̅23−28 (Å) 7.01 6.46 6.49 6.49
P(R > R̅23−28) (%) 30.05 42.15 37.56 48.59
P(R < R̅23−28) (%) 69.95 57.85 62.44 51.41

Table 4. Reduction of Fibril Formation Rates by Mutation
D7H for Aβ40 and Aβ42

reduction of aggregation rates

peptide Aβ40 Aβ42

311.8 K 0.59 0.64
290.2 K 0.61 0.58
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examining stability of the dominant states on FES (Figure 5) in
explicit solvent. We have carried out 40 ns simulations using the
OPLS-AA/L force field and TIP4P water model,100 and
dominant structures S1, S2, S3, and S4 are shown in Figure 5
as initial configurations for four sequences. Note that TIP4P is
the most suitable for this force field.101,102 The peptides were
solvated in octahedrons of 5.3 nm size with about 3600 water
molecules. Figure S14 in Supporting Information shows the
time evolution of the Cα RMSD of structures S1−S4 of Aβ42-
D7H from their implicit solvent structures. Because the mean
value of RMSD is lower than 0.45 nm, these structures remain
stable in the explicit solvent. This conclusion is valid not only
for Aβ42-D7H but also for other sequences (results not shown).
The additional information about the stability of implicit
solvent basins may be gained also from variation of secondary
structures during the simulation course. Figure S15 in
Supporting Information shows the time dependence of
secondary structures obtained in the explicit solvent for Aβ42-
D7H (similar results for the remaining sequences are not
shown). Because these quantities fluctuate around their
equilibrium value, the implicit basins are stable against the
explicit solvent. This conclusion is also supported by data
shown in Table S4 in Supporting Information, in which the
mean secondary structures obtained in both aqueous models
are essentially the same.

■ CONCLUSION
We have studied the influence of the D7H mutation on
structure changes of Aβ monomers using long all-atom MD
simulations in implicit water and different tools for data
analysis. Through sampling in the microsecond timescale we
are in a position to understand some experimental results at
least at the qualitative level.
Our data support the experimental finding that D7H retards

fibril growth through the same mechanism for Aβ40 and Aβ42.
Namely, for both species the reduction of the overall β-
structure and at the fibril-prone regions is responsible for the
slowing down of association. Although the estimation of
relative fibril formation rates based on the bending free energy
of SB 23−28 is approximate, it provides complementary insight
into the effect of mutations. The 2-fold reduction in fibril
formation rates predicted by this approach is in reasonable
accord with the experiment. Once the multiscale simulations
were performed, it was demonstrated that basins obtained in
implicit solvent remain stable in explicit solvent. This suggests
that our results are also valid for explicit aqueous models.
We have shown that the Taiwan familial disease mutation has

little impact on the CCS of alloform Aβ peptides, implying that
this parameter is not sensitive enough to probe structural
changes. Although the CCS of D7H was not experimentally
measured, our result is in the qualitative agreement with the
experiments showing that other mutations like D7N, A21G,
and E22G have no noticeable effect on the CCS of both
monomers and oligomers.
For the first time our study provides a detailed atomistic

picture of conformational changes of Aβ40/42 monomers upon
the Taiwanese mutation. Our results are useful for under-
standing experimental findings on self-assembly kinetics and the
collision cross-section.
Finally, computational studies of structural dynamics of Aβ

dimers provide useful insights on differences of Aβ40 and Aβ42
as well as on mechanisms of aggregation.103−105 Therefore, it
would be interesting to consider the impact of the Taiwan

familial disease mutation on oligomerization of Aβ peptides.
Our work in this direction is in progress.
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