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ABSTRACT: The self-assembly of the amyloid beta (Aβ)
peptides into senile plaques is the hallmark of Alzheimer’s
disease. Recent experiments have shown that the English famil-
ial disease mutation (H6R) speeds up the fibril formation
process of alloforms Aβ40 and Aβ42 peptides altering their tox-
icity to cells. We used all-atom molecular dynamics simulations
at microsecond time scales with the OPLS-AA force field and
TIP4P explicit water model to study the structural dynamics of
the monomer and dimer of H6R sequences of both peptides.
The reason behind the self-assembly acceleration is common
that upon mutation the net charge is reduced leading to the
weaker repulsive interaction between chains that facilitates the peptide association. In addition, our estimation of the solvation
free energy shows that the mutation enhances the hydrophobicity of both peptides speeding up their aggregation. However, we
can show that the acceleration mechanisms are different for different peptides: the rate of fibril formation of Aβ42 increases due to
increased β-structure at the C-terminal in both monomer and dimer and enhanced stability of salt bridge Asp23-Lys28 in
monomer, while the enhancement of turn at residues 25−29 and reduction of coil in regions 10−13, 26−19, and 30−34 would
play the key role for Aβ40. Overall, our study provides a detailed atomistic picture of the H6R-mediated conformational changes
that are consistent with the experimental findings and highlights the important role of the N-terminal in Aβ peptide aggregation.
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Alzheimer’s disease (AD) is a type of dementia that causes
problems with memory, thinking, and behavior mainly

among the senior population.1 The etiology of AD is complex,
but the prominent amyloid cascade hypothesis posits that the
deposition of the amyloid beta (Aβ) peptide in the brain paren-
chyma is a crucial step that ultimately leads to AD.2−4 Evidence
accumulated during last years shows that neither mature fibrils
nor monomers of Aβ peptides are toxic but the aesthetic of the
cerebral defects in AD rather correlates with high levels of
oligomers in the brain.5,6 This leads to the strategy to cope with
AD that is based on preventing or reversing formation of toxic
oligomers.2,3,7−15

It is well-known that mutations can alter the toxicity, assembly,
and rate of fibril formation of Aβ peptides. Since the turn region
21−23 of Aβ peptides might play a crucial step in fibril formation,
numerous experimental16−21 as well as theoretical22−28 studies
have been performed for various mutations in this region in-
cluding the Flemish (A21G), Dutch (E22Q), Italian (E22K),
Arctic (E22G), Iowa (D23N), and Osaka (ΔE22, deletion)

variants. On the other hand, the regions 1−8 of Aβ40 and 1−16 of
Aβ42 were believed to be disordered in the fibril state,29−31 and
the mutation in the N-terminal has attracted little attention of
researchers. However, recent experiments32−34 have suggested
that residues at the N-terminal may be ordered and this terminal
could carry some structural importance. The English (H6R),35,36

Taiwanese (D7H),37 and Tottori (D7N)36,38,39 mutations can
alter the fibril formation rate and the survival of cells without
affecting Aβ production.36 The mutation A2V was found to
enhance Aβ40 aggregation kinetics, but the mixture of the Aβ40
wild type (WT) and A2V peptides protects against AD.40 Using
single-molecule AFM force spectroscopy, one can show that
the N-terminal plays a key role in the peptide interaction in Aβ
dimers.41
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The all-atom replica exchange molecular dynamics (MD)
simulations were performed to understand the influence of the
mutation A2V on the equilibrium ensemble of the truncated
peptide Aβ1−28.

42 The impact of D7N on the aggregation and
structure dynamics of alloforms Aβ40 and Aβ42 has been studied
in our previous simulations.43 In this paper, a similar study is
conducted but for the English mutation H6R using all-atomMD
simulations at 300 K in explicit solvent within the microsecond
time scale. Our goal is to understand at the atomistic level the
influence of this mutation on random coil monomeric structures
and fibrillar-like dimeric structures of Aβ40 and Aβ42. By using
simple reaction coordinates such as the β-strand content, global
reaction coordinates, and principal component analysis to
construct free energy landscapes and studying the dynamics of
the salt bridge (SB) network, we can provide structural and
physical insights into the experimental observation that the H6R
mutation modulates the early steps of aggregation and enhances
the rate of fibril formation.39 Having estimated the solvation free
energy, it was shown that the mutation increases the hydro-
phobicity of Aβ peptides, accelerating their association. In addition,
we predict that H6R has little impact on the collision cross section
(CCS) of monomers as well as oligomers of Aβ peptides.

■ RESULTS AND DISCUSSION
Equilibration Times. Figure S1 in the Supporting Informa-

tion (SI) shows the time evolution of the potential energies of the
WT andH6RAβ42 monomers and dimers. The time for the energy
to equilibrate varies from 100 (monomer) to 200 (dimer) ns. The
same equilibration times τeq have been obtained for Aβ40 systems
(results not shown). The fact that τeq ≈ 100 ns for monomers and
200 ns for dimers is also supported by the time dependence of
secondary structures, the gyration radius Rg (Figures S2−S4 in the
SI), and the hydrophobic and hydrophilic solvent accessible surface
area (Figures S5 and S6 in the SI). Note that Figures S2−S6 show
results obtained for representative systems, while similar results
for other systems are not shown. As a result, for monomers, we
used snapshots collected in the last 650 ns for estimating all
thermodynamics quantities. For the dimers, we used the last
600 ns starting from the fibrillar-like states (Figure 1) and the
300 ns generated in six 50 ns MD simulations starting from the
most populated states.

It should be stressed that the results obtained for all WT
systems have been already reported in our previous work,43 but
we show them again to better clarify the effect of H6R mutation
on structural dynamics and assembly dynamics.
Impact of H6R on the Secondary Structures, Salt

Bridge Populations, and Collision Cross Sections of Aβ40
and Aβ42 Monomers. The mean and standard deviation of

secondary structures of the fourmonomers are reported inTable 1.
The mutation does not change much the secondary structure
of Aβ40. The coil and turn dominate and fluctuate around 40 and
53% in WT versus 37 and 57% in H6R with the same standard
deviations. In both species, the β-strand and α-helix contents
remain marginal, 6 and 3%, respectively. In contrast, the sec-
ondary structure of Aβ42 changes upon H6R mutation. Within
the error bars, the β-structure remains essentially the same but
the helix content increases from 1 to 8%. While in WT, the coil
dominates with 42%, followed by the turn (36%) and β-strand
(21%); in H6R, the turn dominates with 52%, followed by the
coil (24%) and the β-strand (16%). There is therefore an increase
of 16% of turn and a decrease of 18% of coil upon H6Rmutation.
The similar effect on turn, coil and β-structure was obtained by
the Tottori familial disease mutation (D7N).43

To obtain more details on the impact of H6R on Aβ40 and Aβ42
monomers, one considers the secondary structure propensity
along the sequence (Figure 2). While the averaged contents over
all residues are rather similar for both Aβ40 species, the per-
residue propensities differ for β-strand, α-helix, turn, and coil.
Aβ40-WT is rich in beta structure at residues Arg5 and Met35,
while the propensity levels up at amino acids 4 and 38 upon
mutation. This minor change does not allow one to draw any
conclusion about the mutation effect on the self-assembly
kinetics of Aβ40. Aβ42-WT is β-rich at Arg5, Lys6, Val18, Phe19,
26, Asn27, Lys28, 36, 37, 40 and 41, whereas Aβ42-H6R is β-rich
at Val18, 26, Lys28, 32, 33, 34, 35, 39, Val40, and Ile41. Since the
region 1−16 is disordered in the fibrillar state, the reduction of
β-content at Arg5 and Lys6 presumably supports the enhance-
ment of propensity to aggregation. The decrease of β-content at
Asn27 and Lys28 in the loop region and the noticeable increase
of β-content at the C-terminal imply that, in accord with the
experiment36 and the general theoretical argument44,45 about the
role of the fibril-prone state, H6R speeds up the fibril growth of
Aβ42. The helix propensity remains very low along the sequence
of both Aβ40 species, while for Aβ42 it levels up in the disordered
region 14−16 upon mutation. The enhancement of helix con-
tent in the loop region 23−25 may make the loop more rigid
facilitating the Aβ42 aggregation. The increase of the turn content
in the loop region 25−29 by about 30% also supports the
acceleration of Aβ40 self-assembly upon H6R mutation. In Aβ42,
the impact of substantial reduction of the turn at residues 23−26
is canceled out by its increase at 27−29 residues as they are from
the same loop region, but the increase of the turn content in the
C-terminal disfavors the fibril formation. The enhancement of
the coil in the disordered region 1−8 of Aβ40 and the reduction in
regions 10−13, 26−29, and 30−34 would render conformations
more favorable for aggregation. In Aβ42, the substantial decrease
of the coil, particularly in the C-terminal, clearly supports the
experimental finding36 that H6R facilitates the fibril growth of
alloforms Aβ peptides.
At neutral pH, both Aβ42-WT and Aβ40-WT species have six

negatively charged residues (Asp1, Glu3, Asp7, Glu11, Glu22,
and Asp23), and three positively charged residues (Arg5, Lys16
and Lys28). Therefore, one has 3 × 6 = 18 possible intra-
molecular SBs. The mutation H6R adds one positively charged
residue 6R increasing the number of SBs to 4 × 6 = 24. We have
studied lifetimes and population distributions of all SBs for WT
and H6R sequences. Figure 3 shows the population of SB 22−28
and 23−28 for WT and H6R monomers. In Aβ40, the mutation
makes SB22−28 less rigid leaving the flexibility of SB 23−28
almost unchanged, but their populations remain low for both
WT and H6R (Table 2). For Aβ42, H6R mutation substantially

Figure 1. Initial structures for MD simulations of monomers and dimers
with H6R sequences. The residue 6, where the mutation is made, is
shown in red.
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reduces the distances of SB22−28 and SB23−28 and the popu-
lation of the latter increases from 0 to 95% (Table 2). On the
other hand, the recent experiment46 showed that the aggregation
rate of Aβ40-lactam[D23-K28], in which the residues D23 and
K28 are chemically constrained by a lactam bridge, is nearly a
1000 times greater than in the wild-type. This is because the SB
constraint increases the population of the fibril-proneN* conforma-
tion in the monomer state44 leading to faster aggregation.45,47,48

From this point of view H6Rwould speed up the self-assembly as
it makes the SB23−28 bridge more rigid.
Table 2 also shows the mutation effect on the propensity of

SBs 1−6, 3−6, 6−11, 6−22, and 6−23. In Aβ40, the substantial
increase is obtained for 6−22 (42%), while in Aβ42 the lifetime
levels up by 66, and 54% at SB 1−6, and 3−6, respectively.
Experimental cross sections measured for each dehydrated

monomer are 679± 8 Å2 for Aβ40 and 693± 8 Å2 for Aβ42,
49 and

the Tottori (D7N), Flemish (A21G), and Arctic (E22G), known
as familial AD, mutants have no noticeable effect on Aβ mono-
mer cross section. Using dehydrating and energy-minimizing
dominant structures and the trajectory method,50 we have ob-
tained43 the mean value of CCS of 760, 765, 740, and 757 Å2 for
Aβ40-WT, Aβ42-WT, Aβ40-D7N, and Aβ42-D7N, respectively.
Within error bars of 4%, these results fall to the same range of
experimentally observed CCS. Note that Baumketner et al. also
determined a CCS of 765 Å2 for Aβ42-WT using replica exchange
MD with a generalized Born approximation.51

CCS of monomers with H6R mutation has not been studied
experimentally. Here we estimate CCS using dominant struc-
tures characterizing local basins on the free energy surface (FES)
obtained by the dihedral principal component analysis for each
system. The FES of Aβ40-H6R and Aβ42-H6R are characterized
by 4 and 5 free energy minima (Figure S7), with CCS values of
734, 743, 747, and 721, and 732, 767, 705, and 770 Å2, respec-
tively. The error bars for the calculated CCS is about 3.5%. Thus,
together with D7N, A21G and E22G, H6R has a minor influence
on CCS of Aβ monomers.

Table 1. Mean and Standard Deviation of Secondary Structure. Structures Were Obtained by Using the Last 650 ns for the
Monomers, and the Last 600 ns from the Long Run and 300 ns from Six Short Runs Starting fromDominant Conformations for the
Aβ40 and Aβ42 dimers with H6R Sequencesa

Aβ40 Aβ42 2Aβ40 2Aβ42

content (%) WT H6R WT H6R WT H6R WT H6R

β 6 ± 2 3 ± 2 21 ± 1 16 ± 9 32 ± 3 15 ± 3 24 ± 2 27 ± 2
α 1 ± 2 3 ± 3 1 ± 1 8 ± 2 1 ± 1 0 ± 1 0 ± 1 5 ± 1
turn 53 ± 7 57 ± 8 36 ± 3 52 ± 12 29 ± 4 45 ± 6 49 ± 3 33 ± 3
coil 40 ± 7 37 ± 8 42 ± 3 24 ± 4 38 ± 6 40 ± 5 26 ± 4 35 ± 5

aStandard deviations are calculated using block analysis. The data of the WT systems were published in our previous work.43

Figure 2. Probabilities of secondary structure in WT (black) and H6R (red) Aβ40 and Aβ42 monomers. Results are obtained from the last 650 ns of MD
simulations (the first 100 ns was excluded).

Figure 3. Population of intra 28−22 (upper panels) and 28−23 (lower
panels) salt bridge distances in the monomers Aβ40 and Aβ42 with WT
(black) and H6R (red) sequences.
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Mutation Enhances Hydrophobicity of Aβ40 and Aβ42
Monomers. To study the effect of H6R on hydrophobicity
of monomers, we calculate the solvation free energy Gsolvation

using the molecular mechanics Poisson−Boltzmann surface
area (MM-PBSA) method52 (more details may be found in our
previous works53,54) whereGsolvation was approximated as the sum
of electrostatic and nonpolar contributions,Gsolvation =GPB +Gsur.
Here GPB derived from the electrostatic potential between solute
and solvent was determined using the continuum solvent
approximation.55 Using grid spacing 0.1 Å, the APBS package56

was implemented for numerical solution of the corresponding
linear Poisson−Boltzmann equation. The GROMOS radii and
charges were used to generate PQR files. Then, the nonpolar
solvation term Gsur was approximated as linearly dependent on
the solvent accessible surface area (SASA), derived from Shrake-
Rupley numerical method57 integrated in the APBS package.
Gsur = γSASA + β, where γ = 0.0072 kcal/mol·Å 2 and β = 0.58

Because themutation changes the net charge, it has much stron-
ger impact on the electrostatic contributionGPB than the nonpolar
term Gsur (Table S2 in the SI). Upon mutation, the solvation free
energy of Aβ40 levels up from−594.2 to−501.7 kcal/mol. A more
pronounced increase was observed for Aβ42. Thus, by reduction of
the net charge, mutation H6R makes both monomers more

hydrophobic, enhancing their propensity to fibril formation as
observed in experiments.

Impact of H6R on the Secondary Structure, Salt Bridge
Formation, and CCS in Aβ40 and Aβ42 Dimers. The overall
β-strand content of 2Aβ42 remains essentially the same upon
mutation (Table 1), but we see variations along the sequence
(Figure 4). The visible decrease occurs in the disordered region
2−12, while it slightly drops at residues 16−21. The enhance-
ment of β-structure at the C-terminal is in accord with the
experimental finding that the English mutation accelerates aggre-
gation of alloforms Aβ peptides. A moderate change in α-helix at
residues 7−11 presumably does not affect much the kinetics of
fibril growth. The turn drops from 49% in 2Aβ42-WT to 33% in
2Aβ42-H6R but leaving the CHC and loop region untouched
(Figure 4). The substantial decrease of the turn in the C-terminal
also supports the promotion of aggregation by H6R. The
mutation levels up the coil from 26% in WT to 35% in H6R and
mainly impacts regions 11−16 and 36−41. The increase of coil
in the C-terminal may suggest that the mutation retards aggre-
gation, but this effect is probably compensated by the huge
decrease of the turn in the same region. Taken together, our
simulations support the enhancement of aggregation of Aβ42 by
the English mutant.

Table 2. Population (%) of Intramolecular Salt-Bridges Formed in the Monomer and Dimer Systemsa

1−6 3−6 11−6 22−6 23−6 22−28 23−28

Aβ40-WT 0 ± 0 0 ± 0 0 ± 0 0 ± 2 0 ± 2 2 ± 1 12 ± 3
Aβ40-H6R 9 ± 2 12 ± 2 0 ± 0 42 ± 4 0 ± 0 0 ± 0 5 ± 2
Aβ42-WT 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Aβ42-H6R 66 ± 5 54 ± 4 10 ± 2 0 ± 0 0 ± 0 0 ± 2 90 ± 5
2Aβ40-WT 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 41 ± 3 18 ± 4
2Aβ40-H6R 6 ± 2 3 ± 1 52 ± 4 0 ± 0 0 ± 0 5 ± 1 19 ± 3
2Aβ42-WT 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 3 ± 1 53 ± 4
2Aβ42-H6R 25 ± 4 2 ± 1 41 ± 5 0 ± 0 0 ± 0 34 ± 3 15 ± 2

aThe salt bridge distances are calculated between the atom CG (in ASP1 or ASP23) or CD (in GLU3, GLU11 or GLU22) and the atom NZ (in
LYS28) or NH2 (in ARG6) or NE2 (in HIS6). The cutoff distance used for considering one SB formed is 0.46 nm. The data use the last 650 ns for
the monomers, and the last 600 ns from the long run and 300 ns from six short runs starting from dominant conformations for the Aβ40 and Aβ42
dimers with H6R sequences.

Figure 4.Distributions of secondary structure inWT (black) and H6R (red) Aβ40 and Aβ42 dimers. Results were obtained from the last 600 ns (the first
200 ns was excluded) from the long run and 300 ns from six short runs starting from dominant conformations for the Aβ40 and Aβ42 dimers with H6R
sequences. The data sampling WT systems was described previously.43
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Upon mutation, the β-structure decreases from 32% in 2Aβ40-
WT to 15% in 2Aβ40-H6R (Table 1). The reduction takes place
at residues 13−20 and 31−35, whereas the visible enhancement
occurs at residues 6, 10, and 39 (Figure 4). There is almost no
helix in both species. The percentage of turn in 2Aβ40-WT (29%)
is lower than 2Aβ40-H6R (45%). The mutation significantly
impacts the CHC region and residues 15, 16, 31, and 35−38. The
mean percentage of coil is nearly the same for WT (38%) and
H6R (40%), but we observe variations along the amino acid
sequences (Figure 4). The increase of coil occurs at residues 3−5
and 14−20 at the expense of its decrease at residues 10, 11, 22,
23, and 35−40. Overall, contrary to the 2Aβ42, the mutation
seems to disfavor aggregation as it makes 2Aβ40 less structured.
This may be because the acquisition of fibril state of Aβ40 occurs
at much longer time scales than Aβ42 and at the same simulation
time scales 2Aβ40 species remain less ordered than 2Aβ42. The
support for enhancement of Aβ40 aggregation may be obtained
from the intrapeptide SB dynamics, as upon mutation the
lifetimes of SB 23−28 increases (Figure 5). Themutation effect is

less pronounced in Aβ42, where the SB 22−28 becomes more
rigid, but SB23−28 remains flexible. In 2Aβ40-WT, the most
populated are SBs 22−28 (41%) and 23−28 (18%) (Table 2),
while in 2Aβ40-H6R they are 6−11 (52%) and 23−28 (19%).
For 2Aβ42-WT, only the SB 23−28 has the high lifetime (53%),
while H6R has the population of SBs 1−6, 6−11, and 22−28
exceeding 25%.
Figure S8 in the SI shows the populations of interpeptide SB

22−28 and 23−28 for all dimer species. In 2Aβ40-WT, SB 22−28
has very short lifetime of 3% (Table S2 in the SI), while upon
mutation these SBs are not populated through the whole MD
run. The noticeable increase of the lifetime of SB23−28 from
6% to 45% by mutation suggests that, in agreement with the
experiments, H6R accelerates fibril growth of Aβ42. Themutation
levels up the population of SB 6−11 of 2Aβ40 (from 0 to 65%)
and 1−6 for 2Aβ42 (from 0 to 38%).
Impact of H6R on the Free Energy Surfaces of Aβ40 and

Aβ42 Dimer. Using PCA and snapshots collected in the full tra-
jectory of 800 ns and six trajectories of 50 ns, the FES of 2Aβ40-WT
and 2Aβ40-H6R have been constructed (Figure 6) to understand
the impact of mutation on the fibrillar-like states. The FES of
2Aβ40-H6R with seven free energy basins is broader and more

complex thanWT that has six local minima. Our previous study43

yields a similar result for the Tottori mutation D7N which also
makes the FES of Aβ40 dimer more complicated. Table 3 gives for
each free energy local minima its population, the mean value of
fibril contacts (Nfb), the distance between centers of mass of
residues 6 from two chains, the secondary structure composition,
the n-stranded β-sheet topology, and the CCS.
Upon mutation, the charge of N-terminal is reduced, resulting

in a weaker repulsion between two chains. As a result, the two
N-termini are far apart in the WT dimer (the mean distance
between two residues 6 is 21 Å), while they are close in promixity
in H6R with the mean distance between two residues 6 of 7 Å
(Table 3).
In terms of the secondary structure composition, six dominant

structures of WT are remarkably similar (Figure S9 in SI) but

Figure 5. Population of intra 28−22 (upper panels) and 28−23 (lower
panels) salt bridge distances inWT (black) and H6R (red) sequences of
Aβ40 and Aβ42 dimers. Results were obtained from 600 ns (the first
200 ns was excluded) from the long run and additional 300 ns of short
runs for dimer Aβ40 and Aβ42 systems.

Figure 6. Free energy landscape of 2Aβ40-WT (upper) and 2Aβ40-H6R
(lower) as a function of the first two principal components V1 and V2
obtained from the PCA analysis on the inverse of inter side-chain
distances. The conformations corresponding to each free energy minima
are shown. The C-terminus amino acid of all structures is shown by a
green ball. Units are in kcal/mol.
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their n-stranded β-sheet topologies are different. The lifetime of
the intramolecular 2-stranded β-sheet of structure S1 is relatively
high (29%), while the intermolecular 2-stranded β-sheet topol-
ogy is rich for S2 and S3 with a minor population of Pbs

3s for all
basins. The seven representative structures of 2Aβ40-H6R are
more extended and less compact than the six WT structures with
formation of short β-strands at the C-terminus (Figure 6). The
secondary structures, especially the β-composition greatly vary
from minima to minima (Table 3 and Figure S9). The basin S4
has the highest β-content (40%), but the turn (17%) is lowest.
The mutation has the pronounced influence on the intermo-
lecular 2-stranded β-sheet topology with the mean value of oPbs

2s

averages 8 and 49% for WT and H6R, respectively. This result
supports the experimental observation on the acceleration of
aggregation bymutation. Theminor effect of mutation is seen for
the interchain 3-stranded β-sheets as one has 4% for basins S1
and S2 but relatively high (26%) for structure S4 (Table 3).
Upon mutation, the population the 4-stranded β-sheet is
substantially reduced signalizing about the loss of long-range
ordering.
Using ion-mobility mass spectrometry, Bernstein et al.49 re-

ported a CCS of 1142 Å2 for the dimer of Aβ40-WT with an
accuracy of ±1%, but CCS of 2Aβ40-H6R has not been deter-
mined. The six representative structures (Figure 6) have slightly
higher CCS values than the experimental ones (see Table 3
and the discussion in our previous paper43). CCS of seven local
minima structures of two Aβ40-H6R are higher than the experi-
mentally determined value for WT, and their mean value is
1351 ± 88 Å2. The structure S4 with the highest value of CCS is
richest in the β-structure. Upon the Tottori familial disease
mutation D7N, a CCS of dimer Aβ40 is 1200 Å

249 which is a bit
higher than the WT value. Since both H6R and D7N reduce the
net charge of Aβ peptide, they are expected to have a similar
impact on CCS. This is in line with our simulation results that
CCS increases upon both mutations.
Figure 7 shows the FES of dimers Aβ42 with dominant struc-

tures obtained by the full trajectory of 800 ns and six additional
trajectories of 50 ns starting from local basin conformations.
The FES of H6R is compatible with WT in complexity having
five main local minima for H6R against six minima for WT. The
structural characteristics of each local free energy structure are

presented in Table 4. The β-structure propensity varies along the
sequence of H6R to less extent than WT (Figure S10 in the SI),
suggesting that the system becomes more stable upon mutation.
The first two minima, representing 59% and 72% of all con-

formations for the WT and H6R sequences, have the mean
number of fibril contacts 9 and 17 in WT and H6R sequences
versus 40 in the NMR fibril state. Contrary to the dimer Aβ40
(Figure 6), the two C-termini of all dominant structures of
2Aβ42-H6R are very close in promixity (Figure 7), implying that
upon mutation dimer Aβ42 becomes a good catalyst for seeding
growth of fibril. This is also consistent with higher β-structures
and percentages of intermolecular 2- and 3-stranded β-sheets
(Table 4) of H6R versus WT. The populations of the inter-
molecular 4-stranded sheets of dominant structures of WT are,
however, higher than those of the mutant. Upon reduction of the
net charge, the distance between residues 6 of Aβ42 dimer is
reduced but to less extent compared to the Aβ40 case (compare
Tables 3 and 4).
According to Bernstein et al.,49 CCS of 2Aβ42-WT is 1256 Å2

with an accuracy of ±1%. Our theoretical estimation of CCS
using six dominant structures in Figure 7 give a satisfactory agree-
ment with the experiment (Table 3 and ref 43). Although CCS of
mutant 2Aβ42-H6R has not been determined, we computed it
using five dominant structures (Figure 7) and the trajectory
method.50 As follows from Table 4, their mean value of 1432 ±
74 Å2 is higher than the experimental estimate for WT, and
within the error bars it falls into the range of 2Aβ40-H6R. There-
fore, similar to Aβ40, mutation H6R seems to increase CCS of
dimer Aβ42. Having used the same theoretical approach,50 we
have obtained CCS of 1319 ± 69 Å2 for 2Aβ40-D7N

43 which is
also in the range of 2Aβ40-H6R. Thus, in accord with the experi-
ments of Bernstein et al.,49 CCS of Aβ dimers is not sensitive to
mutations.

■ COMPARISON BETWEEN H6R AND D7N

Our results on secondary structures of WT monomers and
dimers have been already compared with the results of other
groups in detail.43 Here we rather focus on differences between
English and Tottori mutations in terms of their impact on
structural changes and assembly of Aβ40 and Aβ42.

Table 3. Characterization of the Conformational States (S) of the WT and H6R Aβ40 Dimers Indicated on the Free Energy
Landscapes Shown in Figure 6a

system S P Nfb dR6 β α turn coil iPbs
2s oPbs

2s Pbs
3s Pbs

4s CCS

2Aβ40-WT 1 36 16 2.21 33 1 30 36 29 0 4 67 1279
2 19 14 1.78 32 0 33 35 2 19 4 89 1347
3 18 16 2.39 34 0 27 38 0 26 0 96 1211
4 9 15 2.51 30 0 26 44 0 0 0 100 1297
5 7 16 2.59 29 0 22 48 0 0 0 100 1387
6 6 19 1.82 34 0 25 41 0 0 0 100 1275

2Aβ40-H6R 1 39 7 0.60 15 1 46 38 0 59 0 0 1281
2 19 7 111 9 0 48 43 0 13 0 0 1289
3 12 8 0.76 14 0 47 39 2 57 0 0 1311
4 8 29 0.58 40 0 17 43 0 100 26 17 1548
5 8 9 0.47 16 0 37 48 0 44 0 0 1290
6 8 8 1.03 12 0 45 43 0 0 0 0 1363
7 6 15 0.55 16 0 25 59 0 79 0 0 1380

aShown are the population P (in %), the mean values of the total fibril contacts (Nfb), the center of mass distance between the 6th residues of two
chains (dR6), the secondary structure contents (in %) using residues 1−40, the populations (in %) of intramolecular 2-stranded β-sheet (iPbs

2s),
intermolecular 2-stranded β-sheet (oPbs

2s) 3-stranded β-sheet (Pbs
3s) and 4-stranded β-sheet (Pbs

4s). The populations of higher-stranded β-sheets are
almost zero. The CCS (in Å2) are given.
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The effect of D7N and H6R on the monomer folding of Aβ
peptides has not been experimentally studied, but some infor-
mation may be inferred from the present theoretical study. Our
monomer simulations show that the secondary structures of Aβ42

change to greater extent than Aβ40 upon both mutations (Table 1
and ref 43). Thus, the mutation effect on the folding rate and
conformational dynamics should be more pronounced for Aβ42
than for Aβ40. For each peptide, the mutation effects are expected

Table 4. Characterization of the Conformational States (S) of the Aβ42-WTDimer Aβ42-H6RDimer Indicated on the Free Energy
Landscapes Shown in Figure 7a

system S P Nfb dR6 (nm) β α turn coil iPbs
2s oPbs

2s Pbs
3s Pbs

4s CCS

2Aβ42-WT 1 35 8 1.8 23 0 51 26 22 0 14 85 1342
2 24 9 1.6 24 1 47 28 27 0 12 87 1292
3 9 12 1.9 26 0 43 31 23 0 9 90 1339
4 8 8 2.2 25 0 51 24 20 2 10 88 1351
5 7 24 3.1 27 0 23 50 0 99 0 0 1566
6 6 18 2.9 25 0 37 38 24 2 76 20 1441

2Aβ42-H6R 1 42 17 1.4 28 6 29 36 7 75 65 42 1357
2 30 17 0.9 27 4 34 33 2 60 41 47 1428
3 11 16 1.2 20 6 42 29 1 81 36 2 1532
4 10 16 0.9 21 6 49 23 6 97 0 0 1497
5 5 18 2.0 32 1 39 26 10 27 43 38 1346

aShown are the population P (in %), the mean values of the total fibril contacts (Nfb), the center of mass distance (in nm) between the 6th residues
of two chains (dR6), the secondary structure contents (in %) using residues 1−42, the populations (in %) of intramolecular 2-stranded β-sheet (iPbs2s),
intermolecular 2-stranded β-sheet (oPbs

2s), 3-stranded β-sheet (Pbs
3s), and 4-stranded β-sheet (Pbs

4s). The populations of higher-stranded β-sheets are
almost zero.

Figure 7. Free energy landscape of 2Aβ42-WT (upper) and 2Aβ42-H6R (lower) as a function of the first two principal components V1 and V2 obtained
from the PCA analysis on the inverse of inter-side-chain distances. The conformations corresponding to each free energy minima are shown. Residues
6th are shown explicitly. The C-terminus amino acid of all structures is shown by a green ball. Units are in kcal/mol.
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to be different because the per-residue distributions of secondary
structures are different for D7N43 and H6R (Figure 2).
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.59 Being in proximity with the putative Ser8-Gly9 turn,
the mutations H6R and D7Nmay affect it and through this effect
alter the aggregation rate.39 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), as
well as a decreased turn propensity at residues 6−9 in both
dimers.43 Upon H6R mutation the turn content at Ser8-Gly9
decreases in Aβ40 monomer and Aβ42 dimer but it increases in
Aβ42 monomer and Aβ40 dimer (Figures 2 and 4). Thus, the
impact of two mutations is similar for Aβ42 species but different
for Aβ40 ones.
The experimental study of temporal changes in the secondary

structure39 revealed that both mutations H6R and D7N acceler-
ate the conversion from random coil to β-sheet via α-helix by
≈10-fold in Aβ40 and ≈5-fold in Aβ42 system.39 This is in quali-
tative agreement with our monomer simulations providing 3 and
18% reduction of coil in Aβ40 and Aβ42 upon mutation H6R. The
similar reduction of coil by 5 and 14% in Aβ40 and Aβ42, respec-
tively, uponmutation D7Nwas obtained in our previous paper.43

In contrast, our dimer simulations show that the coil content
remains constant in Aβ40 upon both mutations, but increases by
9% by H6R and 16% in Aβ42 by D7N.

43 Since CDmeasures aver-
aging structures, and monomers and dimers coexist in equili-
brium with oligomers of higher orders, it is possible that dimeric
structures exist with a richer coil-composition. The enhancement
of aggregation rates obtained by the change in the bending free
energy of SB 23−28 yields the maximum increase of ≈6-fold by
H6R and ≈11-fold by D7N.43 Given the crude approximation,
we use these estimations that are in reasonable agreement with
the experiment.
Experimental examination of the stabilized oligomers showed

that H6R is more ordered than D7N.39 This is consistent with
our dimer simulations on Aβ42, giving the β-content of 11% for
D7N43 versus 27% for H6R (Table 1). However, the results
obtained for Aβ40 do not support this rank order as we have 36%
and 15% β-structure for D7N and H6R, respectively. One of
possible reasons is that the system contains oligomers of different
orders and the rank ordering reported by Ono et al.39 is con-
trolled not only by dimers but also by other oligomers.
Robustness of Results against Force Fields.To check the

robustness of our results against the choice of force field, we have
performed additional simulations for dimer systems using the
AMBER force field 99SB60 and water model TIP3P61 which is
the best choice for this force field.62,63 For each system, five
100 ns MD runs were carried out starting from dominant struc-
tures characterizing main basins on the FES. For comparison, a
similar set of simulations was performed with the OPLS/AA
force field and water model TIP4P. Figures S11 and S12 in the SI
show the time dependencies of the gyration radius obtained by
two force fields. Clearly, the systems are in equilibrium for the
whole run of 100 ns as Rg fluctuates around its equilibrium value
(similar results were obtained for secondary structures, the inter-
action energy and SASA (results not shown)). Snapshots col-
lected every 10 ps during 100 ns were used to estimate equili-
brium quantities. As evident from Table 5, the gyration radius,
distance between centers of mass of residues 6 from two chains
dR6−R6, and β- and α-contents are not sensitive to force fields. A
visible difference in turn and coil was observed for 2Aβ40-H6R,

where the turn is 40% in OPLS against 34% in AMBER but the
coil content in OPLS (41%) is lower that than in AMBER (51%).
Since the sum of the coil and turn is near the same in two force
fields, the choice of force field would not impact the behavior of
2β40-H6R.
Per-residue distributions of secondary structures obtained by

OPLS and AMBER for four dimer systems are shown in Figures
S13 and S14 in the SI. Because of their similarity, our results are
expected to be independent of force field.

■ CONCLUSION
We have studied the influence of the H6R mutation on structure
changes of Aβ monomers and dimers using long all-atom MD
simulations in explicit water and a number of different methods
for data analysis. Though sampling in the microsecond time scale
might not be sufficient to converge to equilibrium, we are in a
position to understand some experimental results at least at the
qualitative level.
Upon mutation, the solvation free energy increases by an

amount of about 92 and 194 kcal/mol for Aβ40 and Aβ42, respec-
tively. This pronounced effect clearly supports the acceleration
of peptide self-assembly by increased hydrophobicity. Our data
support the experimental finding that H6R speeds up fibril
growth but the mechanisms are different for Aβ40 and Aβ42. For
both systems, we did not find an increase in overall β-strand
content upon mutation. Rather we found that the enhanced
aggregation rate of Aβ42 comes essentially from the local increase
of β-content at the C-terminus for both monomeric and dimeric
systems (β-structure of residues 30−42 levels up from 22% to
36% formonomer and from 22% to 51% for dimer), and from the
mutation-induced rigidity of SB 23−28 of monomer. Without
mutation, this SB is not formed during MD simulations, but in
the presence of mutation its population becomes 90% (Table 2).
In contrast, the enhanced aggregation rate of Aβ40 is associated
with the increase of turn by 30% at residues 26−29 in the turn
region and coil reduction at positions 10−13, 26−29, and 30−34
of the monomer as well as with decreased intramolecular SB
23−28 distance in the dimer.
We have shown that the English 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 CCS of H6R was not experimentally measured, our
result is in qualitative agreement with the experiments, showing
that other mutations like D7N, A21G, and E22G have no notice-
able effect on CCS of both monomers and oligomers.

Table 5. Comparison between Results Obtained by OPLS/AA
and AMBER 99SB Force Fields for Dimers 2Aβ40-WT, 2Aβ42-
WT, 2Aβ40-H6R, and 2Aβ42-H6R

a

system Rg (nm) dR6−R6 (nm) β α turn coil

2Aβ40-WT-OPLS 1.55 1.73 32 0 29 39
2Aβ40-WT-AMBER 1.52 1.77 33 0 27 40
2Aβ42-WT-OPLS 1.44 2.10 23 0 46 31
2Aβ42-WT-AMBER 1.51 1.96 21 2 41 36
2Aβ40-H6R-OPLS 1.50 1.35 18 1 40 41
2Aβ40-H6R-AMBER 1.49 1.31 14 1 34 51
2Aβ42-H6R-OPLS 1.68 1.42 27 5 32 36
2Aβ42-H6R-AMBER 1.69 1.39 25 4 30 41

aShown are the gyration radius Rg, the distance between centers of
mass of residues 6 of two chains dR6, and secondary structure contents.
The secondary structure contents are measured in %. Data were
obtained from five extra 100 ns MD runs for each system.
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Although the simulations started from dimer conformations
with the disordered N-terminal, our results are expected to be
valid for the fibril model derived from patient brains34 where the
N-terminal is ordered, because the reduction of net charge upon
H6R mutation always facilitates the fibril formation process
independent of the nature of fibril structure.
Finally, for the first time, our study provides a detailed atom-

istic picture of conformational changes of Aβ40/42 monomers and
dimers upon the English mutation. Our results might be used to
understand experimental findings on assembly kinetics and the
collision cross section.

■ METHODS
Structures of the H6R Aβ40 and Aβ42 Monomers and Dimers.

To generate the initial structures for sequences with mutation H6R, we
used the same procedure as in our previous work.43 We used NMR
structures of full-length Aβ40 (PDB code: 1BA464) and Aβ42 (PDB code:
1Z0Q65), resolved in a water-micelle solution, as starting configurations,
and the OPLS force field66 with TIP4P water model,67 which is the most
suitable for this force field.62,63 We performed 5 ns MD simulations at
500 K to generate random coil conformations for WT monomers in
aqueous solution.
The starting structures of the WT Aβ40 and Aβ42 dimers were taken

from the NMR structures of Aβ9−40 (PDB ID: 2LMN29) and Aβ17−42
(PDB ID: 2BEG31), with addition of residues 1−8 from the heated
Aβ40 monomer and addition of residues 1−16 from the heated Aβ42
monomer.
The initial structure of the H6R mutation was obtained from the WT

final structure by using the mutation tools in PyMOL68 for both
monomer and dimer. The starting configurations for all MD simulations
are shown in Figure 1. It should be noted that these configurations are
the same asWT configurations in our previous work43 except the residue
H at position 6 is replaced by R.
Terminology. The Aβ peptide was segmented into four 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
H6R monomer and dimer will be referred to as Aβ40-WT, Aβ40-H6R,
2Aβ40-WT, and 2Aβ42-H6R.
MD Simulations. The GROMACS 4.5.5 package69 was used with

the TIP4P water model67 and the OPLS force field.66 The OPLS-AA
force field was used because the OPLS-generated conformations for the
Aβ40 and Aβ42 monomer match reasonably the NMR data.70 In addition,
many studies have shown that OPLS is suitable for exploring the
aggregation of several Aβ fragments in explicit water71 and gives results
qualitatively similar to that found using the CHARMM force field for the
Aβ10−35i dimer.

44 The equations of motion were integrated using a
leapfrog algorithm72 with a time step of 2 fs. The LINCS algorithm73 was
used to constrain the lengths of all covalent bonds with a relative
geometrical tolerance of 10−4. Temperature was controlled by the Bussi-
Donadio-Parrinello velocity rescaling thermostat with a relaxation time
of 0.1 ps found to sample the canonical ensemble.74 The Berendsen
pressure coupling method75 was applied at a pressure of 1 atm. The van
der Waals (vdW) forces were calculated with a cutoff of 1.4 nm, and the
particle mesh Ewald method76 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.
In the simulations of Aβ40/42 monomers, the species were centered in

octahedron boxes of 57 Å with periodic boundary conditions containing
about 4400 water molecules. For dimers, we used cubic boxes (the box
size is 95 Å for Aβ40 dimer and 92 Å for Aβ42 dimers) with periodic
boundary conditions that contain around 29 000 and 27 000 water
molecules for the Aβ40 dimers and the Aβ42 dimers, respectively. Note that
box sizes were chosen large enough to avoid artifacts thatmay be caused by
periodic boundary conditions. Counterions Na+ were added to neutralize
each system. Each monomer was studied by 750 ns MD, and each dimer
by 800 ns MD at 300 K. Additionally, we have performed six short runs of
50 ns for 2Aβ40-H6R and 2Aβ42-H6R, starting from dominant structures
on the free energy surface, obtained from the long 800 ns run.

Analysis. Contacts. The time dependence on the number of hydro-
gen bonds (HB), side chain contacts, and salt bridges was monitored.54

One HB was formed if the distance between donor D and acceptor A is
≤3.5 Å and the D−H−A angle is ≥135°. A SC−SC contact was con-
sidered as formed if the distance between their centers of mass is≤6.5 Å.
This condition was used to define the number of native contacts in Aβ40
and Aβ42 fibrils using the residues 9−40 in Aβ40 and 17−42 in Aβ42,
leading to 51 and 40 fibrillar-like contacts, respectively. A native contact
between residue i of peptide 1 and residue j of peptide 2 was formed in
MD snapshots if its distance dij is <0.65 nm. A salt bridge (SB) between
two charged residues was considered formed if the distance between two
specific atoms remains within 4.6 Å.

Secondary Structure. To estimate the secondary structures of all
peptides, we used the STRIDE algorithm.77 The percentage of β-strands
in the solid-state NMR Aβ40 and Aβ42 fibrils is 57% (spanning residues
10−23 and 30−38) and 45% (spanning residues 18−26 and 31−40)
using the full amino acid sequences, respectively.

Free Energy Landscape. The free-energy surface (FES) along theN-
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. For the monomers, we used dihedral principal
component analysis (dPCA).78 For the dimers, we used the first two
principal components obtained from PCA using the inverse distances
between the interpeptide side chain contacts. The higher order principal
components were neglected as they contain less than 37% information
about sampled conformations for all studied systems (results not
shown). For detailed characterization of the free energy minima, we
calculated several properties using all snapshots belonging to a state, and
not just a single representative structure of a state. For the dimers, we
also defined a topological descriptor ranging from a two-stranded
β-sheet to a four-stranded β-sheet. Here, at least two interpeptide
H-bonds must be formed between consecutive β-strands to pass from a
n-stranded β-sheet to a n + 1-stranded β-sheet.

The CCS of all dominant monomeric and dimeric structures was also
calculated using the MOBCAL software and the trajectory method50

which treats the molecule as a collection of atoms represented by a 12-6-4
potential, and is often used for proteins.79
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