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ABSTRACT: The A2V mutation was reported to protect from Alzheimer’s
disease in its heterozygous form and cause an early Alzheimer’s disease type
dementia in its homozygous form. Experiments showed that the aggregation
rate follows the order A2V > WT (wild-type) > A2V-WT. To understand the
impact of this mutation, we carried out replica exchange molecular dynamics
simulations of Aβ1−40 WT-A2V and A2V-A2V dimers and compared to the
WT dimer. Our atomistic simulations reveal that the mean secondary
structure remains constant, but there are substantial differences in the
intramolecular and intermolecular conformations upon single and double
A2V mutation. Upon single mutation, the intrinsic disorder is reduced, the
intermolecular potential energies are reduced, the population of intra-
molecular three-stranded β-sheets is increased, and the number of all α dimer
topologies is decreased. Taken together, these results offer an explanation for
the reduced aggregation rate of the Aβ1−40 A2V-WT peptides and the protective effect of A2V in heterozygotes.
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The wild-type (WT) Aβ1−40 peptide of sequence
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAII-

GLMVGGVV with the hydrophobic patches L17-A21 and A30-
V40 and the hydrophilic patches D1-K16 and E22-G29 is the
major constituent of extracellular amyloid plaques in the human
brain.1 It is known that WT Aβ dimers are sufficient to induce
cognitive deficits2 and dimers stabilized by an intermolecular
disulfide bridge via a mutation S8C cause early deficits in
synaptic plasticity, learning and memory.3 Preventing dimeriza-
tion by small molecules is thus considered as one therapeutic
target to cure Alzheimer’s disease (AD).4−6

In 2009 Di Fede et al. described a new amyloid precursor
protein mutation consisting of a C-to-T transition at position
673 that causes an alanine-to-valine substitution at position 2 of
Aβ peptide in an Italian family.7 While the A2V mutation
increases Aβ1−40 and Aβ1−42 production, homozygous
carriers inherited from both parents present early onset AD,
but heterozygous carriers do not develop AD. Using neuro-
blastoma SH-SY5Y cells and MTT, Aβ1−42 A2V was found
more toxic than Aβ1−42 WT, and the mixture was significantly
less toxic than either peptide alone.7

The experimental sigmoidal aggregation kinetics is described
qualitatively by means of primary and secondary (fragmentation
or lateral process involving fibril surface) nucleation pro-
cesses.8,9 The aggregation kinetics of the Aβ1−40 WT and A2V
peptides and the equimolar mixture (Aβ1−40 MIX) was
studied by laser light scattering and the time of aggregate
formation of Aβ1−40 MIX was higher (8.3 h) than the time to

aggregate for either Aβ1−40 A2V (1.3 h) or Aβ1−40 WT (5.8
h).7 Using size exclusion chromatography, the oligomer size
distribution in Aβ1−40 MIX was lowest at time 0 and after 24
h, and the Aβ1−40 MIX aggregates were less stable than those
generated by either Aβ1−40 WT or Aβ1−40 A2V after dilution
with buffer.7 Using ion mobility mass spectrometry (IM-MS),
A2V caused Aβ1−40 to aggregate similarly to Aβ1−42 WT
with the formation of dimers, tetramers, hexamers and
dodecamers, while the WT/A2V mixture inhibited formation
of hexamers and dodecamers.10 A slower kinetics of Aβ1−42
MIX with respect to WT was also hypothesized to be due to
the difficulty of the two peptides to form stable intermolecular
interactions.11 Overall, we lack the structures of the dimers and
small oligomers to comprehend the difference in the
aggregation kinetics of Aβ peptides upon single and double
A2V mutation.
Since Aβ1−40 is 10 times more prevalent than Aβ1−42 in

plaques and dimers are key players in AD etiology, we have
determined the conformations of Aβ1−40 A2V and WT-A2V
dimers by all-atom REMD simulations with the all-atom
CHARMM22* force field. CHARMM22* is one of the best
force fields for folded proteins12,13 and leads to results
consistent with experimental data on the Aβ1−28 monomer14

alone or interacting with the compound NQTrp.4,15 By
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comparing with the REMD results on Aβ1−40 WT dimer,16 we
provide for the first time a detailed description of the change
induced by the A2V mutation in the hetero- and homozygous
forms of Aβ1−40 dimer. Note that the dimers of Aβ1−40/1−
42 WT peptides and their disease-causing mutants in the N-
terminus (H6R, D7N), CHC (A21G) and loop region (E22G/
K, D23N) were subject to simulations with various protein and
water models,1,17−21 but the effect of A2V has only been
studied by computer means on the Aβ1−2814 and Aβ1−42
monomers.22

■ RESULTS AND DISCUSSION
Convergence. To assess convergence of the simulations at

315 K, near the physiological temperature, we calculated the
distributions of several metrics calculated over the time
intervals of 50−300 ns and 50−400 ns. The metrics include
the radius of gyration, the end-to-end distance between the Cα

atoms of the first and last residues of each peptide, the number
of intra- and intermolecular SC−SC contacts and the
percentage of each amino acid to adopt a turn.
As it can be seen in Figure 1, the results obtained using the

data from 50−300 ns and 50−400 ns trajectories are virtually
identical indicating that the three systems have reached
equilibrium. The Rg distributions in Figure 1a do not show
significant variations with time and have an average value of
1.17 ± 0.1 nm in WT and A2V and 1.14 ± 0.1 nm in MIX. The
mean end-to-end distance is 2.22 ± 0.1 nm in WT, 2.17 ± 0.1
nm in A2V and 1.98 ± 0.2 nm in MIX, indicating that the
conformations are less extended in the heterozygous form
(Figure 1b). In WT, there are 95%, 61%, and 15% of the
conformations with end-to-end distances >1, >2, and >3 nm,
respectively. The values are 95%, 57% and 13% in A2V dimers
vs 92%, 47% and 10% in MIX dimers. The distributions of the
SC−SC contacts in Figure 1 are broad and show that MIX
displays more intramolecular contacts than the peptide WT and
A2V alone, with mean Q values of 28%, 25%, and 23%,

respectively, at the expense of a reduced number of
intermolecular contacts, with mean Q values of 3% vs 5% in
WT and 7% in A2V. The turn profiles in WT and A2V are
nearly identical (Figures 1 and 2), and differ from the turn
profile in MIX with variations of ±10% at specific positions.

As another proof of the convergence of simulations, we used
two independent time windows (150−275 ns and 275−400
ns). All distributions and turn profiles between the distinct time
windows superpose very well, but are not strictly identical,
indicating that convergence of the equilibrium ensembles
requires a time scale of 400 ns.
In what follows, analysis was performed on the conforma-

tions at 315 K within the time interval of 50−400 ns. Statistical
deviations were estimated by calculating block averages over
different the time intervals of 50−225 and 225−400 ns.

Figure 1. Convergence of the REMD simulations. Distributions of various quantities including the radius of gyration (Rg), the end-to-end distance
(dee), the total number of intra (Nintra), interpeptide contacts (Ninter), and the turn populations (turn) of the WT (left panels), A2V (middle panels),
and MIX (right panels) dimers. Shown are results obtained from 50−300 ns (black) and 50−400 ns (red) of the REMD trajectory at 315 K.

Figure 2. Secondary structure propensities. Populations (in %) of β-
strand (a), α-helix (b), turn (c), and coil (d) various secondary
structures along the residues averaged over two chains of the WT
(black), A2V (red), and MIX (blue). Shown are results obtained from
50−400 ns of the REMD trajectory at 315 K.
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Secondary Structure. The mean and standard deviation of
secondary structures averaged over the two chains are reported
in Table 1. Averaged over all residues, the A2V mutation does

not change the coil and turn populations with mean values of
29 ± 3.4% and 42 ± 3.7%, respectively. The mutations impact,
however, the (β-strand, α-helix) contents with a shift from
(16.8, 11.7%) in A2V to (21.7, 6.7%) in MIX and (18.7, 10.0%)
in WT. Figure 2 shows the 2D structure propensities along the
sequence in the three systems. The β and turn profiles in A2V
are very similar to those in WT with four β signals of 20% at
residues 3−5, 30% at residues 10−12, and 50% at CHC and
residues 31−36, and three turn signals of 50−70% at positions
H6-G9, H13-Q15, D23-G29, and G37-G38 (Figure 2a and c).
The double A2V mutation enhances the α-helix content of H6-
Q15 and D23-G29 from (5, 15%) in WT to (10, 30%) in A2V
(Figure 2b). The residues L17-F20 and G33-V36 have
maximum β-strand values of 75% in MIX vs 50% in WT and
A2V, and the β content of residues V12-H13 decrease from 38
to 20% in MIX to 28−12% in WT and 16−6% in A2V. Upon
single A2V mutation and compared to WT, the α-helix
propensity shifts from 5 to 17% at E3-D7 and from 20 to 10%
at L17-G38, the turn character of D23-G29 and L17-F19 is
reduced by 10%., and there is little change in the per-residue
coil content (Figure 2d).

Intra- and Intermolecular SC−SC Contacts. The
intramolecular SC−SC maps are shown in Figure 3. In WT,
the contacts with probabilities of >30% are formed between
L17 and L34 (39%), V18 and M35 (33%), F19 and L34 (32%),
and F20 and M35 (32%). These contacts are observed with
similar probabilities in A2V and higher probabilities in MIX:
L17-L34 (40, 61%), V18-M35 (31, 45%), F19-L34 (32, 51%),
and F20-M35 (30, 47%). In all systems, there are weak contacts
between F4-Y10 (7%) and F4-F19 (11%) and long-range
intramolecular salt bridges have low probabilities: R5-E11
(16%), E11-K16 (15%), E22-K28 (11%) and D23-K28 (13%).
Compared to WT and A2V, MIX displays additional contacts in
Nter (E3-V12:18%, R5-V12:20%) and between Nter and CHC
(V12-V18:29%).
The intermolecular SC-SC maps in Figure 3 show that the

most populated CHC−CHC contacts in WT have probabilities
of 12% between L17 and F19, F19 and F20, and F19 and F19.
These values are similar in MIX, but lower in A2V and vary
from 3 to 6%. The Cter−Cter shows more interactions between
the residues I31, I32, L34 and M35 in A2V than in WT and
MIX, with maximal probabilities of 12% in A2V and WT and
10% in MIX. The CHC−Cter shows many contacts between
the residues L17, F19 and F20 and the residues I32, L34 and
V36 with probabilities of 9−11% in WT and A2V, but only two
contacts with probabilities of 9% between L17 and I32, and F19
and L34 in MIX. The Nter−CHC shows contacts between Y10
and F19 (11%), Y10 and L17 (7%), and V12 and L17 (7%) in
A2V, and these values are lower in WT and MIX (Y10-
F19:2.5%, Y10-L17:4%, V12-L17:4%). A2V has more Nter−
Nter contacts with probabilities of 3−6% than MIX and WT.

Single-Molecule States. To identify other differences
between the variants, we first analyzed their FELs at the single-
molecule state. We recall that a single-molecule state is a state
of a single-chain in the presence of another chain. The FELs
along the intramolecular QNter−CHC and QCter−CHC variables are
shown in Figure 4. The k-means clustering analysis reveals eight

Table 1. Secondary Structuresa

SS [%] WT A2V MIX

β 18.5 (3.3) 16.8 (2.8) 21.6 (4.2)
α 10.0 (2.7) 11.7 (3.2) 6.9 (3.3)
turn 43.2 (3.7) 41.3 (3.3) 42.9 (4.9)
coil 28.2 (3.1) 30.3 (3.2) 28.6 (4.6)

aMean and standard deviation (in parentheses) of SSs in %. The
standard deviations are calculated using block average analysis. Shown
are results obtained from 50−400 ns of the REMD trajectory at 315 K.

Figure 3. Probability of forming intramolecular (above) and intermolecular (below) side-chain side-chain contacts in the WT (left), A2V (middle),
and MIX (right) dimers. Shown are results obtained from 50−400 ns of the REMD trajectory at 315 K. In the intra- and intermolecular contact maps
of the MIX, the upper and lower diagonal elements are the results of the WT and A2V chains, respectively.
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free energy minima denoted as Ssi (i = 1−8) for WT and A2V,
and five free energy minima for WT-A2V. Structures closest to
the center of each minimum are shown in Figure 4. Using all
structures of each state, the Ss states are described in Table 2 by
their Boltzmann populations (P), the β-strand and α-helix
populations of the Nter, CHC and Cter, and the mean number
of intramolecular SC−SC, Nter−CHC, and Cter−CHC
contacts. The number of intra Nter−Cter contacts is not
given since it varies between 1 and 3.
In WT, the Ss1, SS2 and Ss3 states, representing 43% the

ensemble, have a probability of 45−71% to form a β-hairpin at
residues K16-F20 and I32-V36 (Ss1) or at L17-A21 and I31-
V36 (Ss2 and Ss3) and a probability of 35% to form a three-
stranded β-sheet spanning residues 11−13, 16−20 and 32−36.
Ss4 is essentially turn/coil, although it has a probability of 48%
and 26% to form β-strands at CHC and Cter. These four states
have 10−15 CHC−Cter and 2−6 Nter−CHC contacts. In
contrast, the four SS5-SS8 states, representing 42% of the
ensemble and displaying 1 (SS5 and SS6) to 7 CHC−Cter
contacts and 2−7 Nter−CHC contacts, are mainly coil/turn
with transient helices at CHC and Cter (in SS5, probabilities of
20 and 32%), Cter (in SS6) or at residues 14−18 (in SS8).

In A2V, Ss1 and SS6 with a total population P of 30% are
described by structures with few Nter−CHC (Q = 2 or 3) and
many Cter−CHC (Q = 12 or 16) contacts and a β-hairpin
probability of 60% formed by K16-A21 and I31-V36 (Ss1) or
V18-D23 and I31-M35 (Ss6). Ss4 with P = 13% displays many
CHC−Cter contacts (Q = 10−16) and a three-stranded β-sheet
spanning 10−12, 15−19, and 32−36 with a probability of 70%.
All these states are similar to Ss1, Ss2, and Ss3 of WT. States
Ss2 and SS3, with P = 17 and 13% and few CHC−Nter (Q = 2
or 3) and CHC−Cter (Q = 6 or 2) contacts, are turn/coil with
transient and short helices in Nter and Cter. Ss5 with P = 12%,
5 Nter−CHC and 10 CHC−Cter contacts, is disordered with
transient helices and strands throughout the sequence. Finally,
Ss7 (7%) and Ss8 (6.8%) are coil/turn, with weak CHC−Cter
(Q = 2−5) and strong Nter−CHC (Q = 7) contacts and a
probability of 15% to form short helices or strands at CHC and
Cter.
In contrast to WT and A2V, the FEL of WT-A2V displays

one highly populated minimum. SS1 (P = 32%) features strong
Nter−CHC (Q = 6) and Cter−CHC (Q = 16) contacts and a
β-hairpin at L17-A21 and I32-V36 with a probability of 71%
and a three-stranded β-sheet with a probability of 20%. This β-
hairpin state is similar to Ss2 of WT and Ss1 of A2V. State Ss2

Figure 4. Free energy landscape (in kcal/mol) of the single-molecule state as a function of the two coordinates QNter−CHC and QCter−CHC (see
text for the definition). Shown are the representative structures at the cluster centers. The second residue is shown with an all-atom representation.
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(P = 23%), stabilized by Cter−CHC contacts (Q = 13), also
forms a β-hairpin at residues L17-F19 and G33-M35 with a
probability of 56%, but Nter is more flexible and makes few
contacts with CHC or Cter (Q = 2). This state is similar to Ss3
of WT. Ss3 (P = 19%) displays a three-stranded β-sheet
(probability of 90%) spanning Y10−V12, Q15-E22 and G33-
V36. This state is similar to Ss1 of WT. Finally, Ss4 (14%) and
Ss5 (12%) are turn/coil with SS4 displaying little α-helix and β-
strand, and Ss5 having helices at residues S8−K16 and K28−
V36 with probabilities of 9 and 29%.
Dimer States. Using the product basis of the inter- and

intramolecular states (see ref 28 for details), we obtain 320 and
332 dimer states for WT and A2V, and 144 for WT-A2V.
Figure 5 shows the representative structures of the first 10
states labeled as Si and covering 22% of the WT and A2V
ensemble and 32% of the WT-A2V ensemble.
For the WT dimer, S1 (P = 2.9%) has one β-rich chain

forming a β-hairpin (residues L17-F19 and I32-M35)
orientated almost perpendicularly to the second α-rich chain
(helices at residues G25-G29 and I32-L34). The states S2, S4,
S5, and S6 covering 9.3% of the ensemble have high helical
contents and result from different single-molecule states. For
instance, S2 is characterized by two Ss7 states, while S6 = (Ss5,
Ss7). S7 (P = 1.9%) has a eight-stranded β-sheet with the first
chain forming a 3-stranded β-sheet spanning residues Y10−
H13, L17-F20, and I31−V36, and the second chain forming
strands at residues A2-R5, Y10−H13, L17-F19, V24-G25 and
I32-M35. S7 has an interchain parallel β-sheet between residues
I31−V36 and I32-M35. The S3, S9 and S10 states (P = 5.8%),
formed by different β-rich single-molecular states, S3 = (Ss1,
Ss3) and S9 = (Ss1, Ss2), display four-stranded (S3, S9) or five-
stranded (S10) β-sheets stabilized by interpeptide CHC−Cter
contacts. They all feature two intramolecular β-hairpins.

However, there is an interchain antiparallel β-sheet between
K16-E22 and A30-L34 in S3, while there is an interchain
parallel β-sheet between L17-A21 and M35-V36 in S9, and
between L17-A21 and I32−V36 in S10. Finally, the random coil
S8 = (Ss6, Ss6) state is stabilized by interpeptide Nter−CHC
contacts.
For the A2V states, S1 (3.6%), lacking substantial intra-

molecular Nter−CHC and Cter−CHC contacts, is essentially
disordered, but forms a three-stranded antiparallel β-sheet
spanning residues D1-F4 and K16−F20 in one chain and G33-
V36 in the second chain. The S8 and S9 states, with a
population of 3.5%, have high alpha propensities and are
characterized by interchain helical interfaces spanned by
residues E11-F20 and N27-G38 in one chain and residues
N27-G37 in the second chain (S8), and residues H13-E22 and
G29-G38 (S9). The S3, S5, and S7 states with a total
population of 6.7% share the same global topology: one chain
with a β-hairpin spanning CHC and Cter with no preferred
interaction sites with the second chain essentially turn/coil and
little alpha and beta characters. Finally, S2 and S6 with a
population of 4.7% display two β-hairpins, and S4 and S10 with
a population of 4.4% display one β-hairpin and one three-
stranded β-sheet. All these states display however different
intramolecular conformations and interfaces. S2, characterized
by (Ss6, Ss6) and two hairpins, has an interpeptide parallel β-
sheet between the two CHCs, namely, residues L17-A21. S6 =
(Ss1, Ss6) has the two hairpins almost perpendicular and an
interchain parallel β-sheet between I31−V36 and K16-E22. S4
= (Ss1, Ss2) displays an interchain parallel β-sheet between the
hairpin and the 3-stranded β-sheet, namely, residues K16-E22
and I31-V36, while in S10 = (Ss4, Ss8) the hairpin is almost
antiparallel to the 3-stranded β-sheet and there is no interchain
β-sheet.
For the WT-A2V dimer, S1 = (Ss3, Ss4) of population 4.7%

is formed by one chain with a 3-stranded β-sheet interacting
with the second random coil chain. Interestingly, while S3 has a
complex topology with interpeptide antiparallel β-sheets
between residues 10−12 and 1−4 and between residues 30−
32 and 12−14, the remaining eight states (S2, S4, S5, S6, S7,
S8, S9, and S10) with a total population of 24.9% consist of the
Ss1 and Ss3 conformations and display one chain adopting a
three-stranded β-sheet spanning Nter, CHC, and Cter. This
chain interacts with the second chain featuring either a β-
hairpin at CHC and Cter (S5, S6, S7, S8, and S10) or a three-
stranded β-sheet (S2). These states display various orientations
of the chains ranging from antiparallel (S7, S8, and S9), parallel
(S6), and perpendicular orientations (S2) to less defined
interfaces (S5, S4).
To understand the interplay between intra- and intermo-

lecular interactions and the role of Nter, CHC, and Cter, Figure
6 shows the number of intramolecular CHC−Cter contacts, the
intermolecular energies of the peptides and between the Nter−
CHC and Cter−CHC regions. Here we use the first 20 states,
representing 36% of the WT and A2V ensemble and 52% of the
MIX ensemble. On average, the first 20 states of A2V-WT have
much higher intramolecular CHC−Cter contacts (Figure 6a),
and thus lower intramolecular energies than those in WT and
A2V. Compared to WT and A2V, all MIX states, except S3 with
−1000 kJ/mol, have much less favorable interpeptide potential
energies, varying from −772 in S9 to −206 kJ/mol in S5. The
situation changes for A2V compared to WT. On average, the
A2V states have much less intramolecular CHC−Cter contacts
(except states S2 and S6, Figure 6a) and much favorable

Table 2. Single-Molecule Statesa

Ss P (β,α)Nter (β,α)CHC (β,α)Cter QNter−CHC QCter−CHC

1 15.82 16, 5 54, 1 37, 1 6 14
2 14.25 9, 3 60, 1 45, 1 2 15
3 14.00 8, 4 45, 5 36, 7 2 12
4 13.32 15, 4 48, 7 26, 10 6 10
5 11.86 9, 6 9, 20 10, 31 2 1
6 11.21 15, 6 18, 9 9, 19 7 1
7 10.02 9, 7 12, 20 7, 32 3 6
8 9.51 24, 4 27, 17 8, 23 7 6
1 18.26 7, 6 45, 4 36, 5 2 12
2 17.45 13, 7 10, 19 12, 27 2 6
3 12.85 13, 7 11, 19 12, 24 3 2
4 12.79 10, 8 52, 2 38, 2 7 14
5 12.53 10, 9 34, 12 26, 13 5 10
6 12.32 8, 7 62, 2 50, 1 3 16
7 7.04 8, 9 15, 11 13, 17 7 5
8 6.76 13, 7 20, 20 15, 12 7 2
1 31.73 11, 8 61, 1 44, 1 6 16
2 22.86 11, 5 51, 1 40, 2 2 13
3 18.79 15, 7 48, 2 31, 4 7 12
4 14.39 10, 6 27, 4 19, 16 2 8
5 12.24 14, 8 19, 9 10, 28 5 3

aFor each Ss state, shown are the Boltzmann population in %, the
population of (β-strand, α-helix) spanning the Nter, CHC, and Cter
regions, and the number of intramolecular SC−SC contacts between
Nter and CHC, and between Cter and CHC. WT (upper), A2V
(middle), MIX (lower).
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interpeptide energies (except states S4, Figure 6b) than the WT
states. This is mainly due to more favorable intermolecular
CHC−Cter and CHC−Nter contacts (Figure 6c and d) at the
expense of less favorable Nter−Nter contacts.
Finally, Figure 7 shows, for the first 100 states of each

system, the population of conformations with both chains in α-
helical conformations. These 100 states represent more than
95% of the conformational ensemble. We clearly see that the
WT and A2V peptides feature many all-α topologies while MIX
is almost devoid of them.
Relative to WT, the A2V mutation enhances aggregation

kinetics and neurotoxicity and leads to early onset Alzheimer’s
disease. In contrast, the mixture of WT and A2V peptides
enhances the lag phase of fibril formation and protects from
AD. For the first time, the conformations of Aβ1−40 A2V and
WT-A2V dimers have been explored using computer
simulations and our findings can be summarized as follows.

First, CD spectra of the Aβ1−42 WT, A2V, and MIX
oligomeric solutions do not show significant secondary
structure differences, with a predominant random coil
conformation.11 The exact level of secondary structure variation
upon single and double A2V mutation is unknown in Aβ1−40,
however, the percentage of α-helix content in Aβ1−40 WT and
its alloforms (A21G, E22G and E22K) as measured by CD
does not change much.23 CD analysis of Aβ1−40 WT solutions
using different sample preparations indicated (α-helix and β-
strand) contents of (10.5 and 38.6%) and (0 and 12%).23,24 In
agreement with CD, our simulations do not report any change
in the averaged secondary structure composition upon double
A2V mutation, the (β-strand, α-helix) contents amounting to
(18.7, 10%) in WT and (16.8, 11.7%) in A2V. Upon single
mutation, the REMD values are (21.7, 6.7%). Differences are
better seen at the residue level where the β-strand propensity of
residues V12-H13, L17-F20, and G33-V36 have maximum β-
strand values of 30, 75, and 75% in MIX vs 11, 50 and 50% in

Figure 5. Representative structures of the first 10 overall states of the WT (upper), A2V (middle), and MIX (lower) dimers at 315 K. The
population (in %) of each state is also shown. The second residue is shown with an all-atom representation.
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WT. Also, upon single A2V mutation and compared to WT, the
α-helix character shifts from 5 to 17% at E3-D7 and 20 to 10%
at L17-G38. Overall, each species shows turns with probabilities
>50% at residues 6−9, 13−15, and 23−29 and β/coil/α
propensities elsewhere. A very similar 2D profile for WT has
already been discussed in REMD simulations of Aβ1−40 WT
monomer at 300 K using various force fields and explicit/
implicit solvent models.25−27

Second, WT-A2V significantly reduces the intrinsic disorder
of the dimer, but the double A2V mutation does not change
this conformational property. Upon single mutation, A2V is
found to reduce the number of dimer states by a factor of 2.
The intrinsic disorder of proteins has been subject to many
simulation studies.14,28,29 For instance, Nguyen et al. reported a
similar reduction in the conformational ensemble of Aβ1−28
monomer upon A2V mutation.14 Granata et al. showed that the
free energy landscape of Aβ1−40 monomer at 350 K is inverted

with respect to ordered and folded proteins with the global free
energy minimum consisting of highly disordered and extended
structures, and many slightly higher free energy conformations
with secondary structure arranged in several manners.29 Our
work shows that upon A2V single mutation, the number of all-
alpha topologies is significantly reduced. We also show that the
MIX dimer states have less favorable interpeptide potential
energies. This result is consistent with experimental studies
reporting a slower kinetics in MIX due to less stable
oligomers.7,11 Decrease in interpeptide potential energies of
heterozygous dimers may render them more available for
degradation.1 But, reduced toxicity of A2V in heterozygotes
may also originate from many sources including different
coordination modes with metal ions30,31 or lower membrane
affinities of small oligomers32 as membrane bound tetramer and
trimer Aβ oligomeric species correlate with toxicity toward
cultured neurons.33

Third, there are significant differences in the intramolecular
conformations adopted by the peptide in the three dimers. In
WT and A2V, 57, and 54% of the conformations have 8−16
SC-SC CHC−Cter contacts and this population shifts to 70%
in MIX. All species populate a very large ensemble of
conformations with high coil/turn content and a β-hairpin
spanning CHC and Nter, but the hairpin population, registry of
H-bonds and SC-SC packing vary with the system. Namely, the
β-strands span residues K16-F20 and I32-V36 or L17-A21, and
I31-V36 in WT, while they cover K16-A21 and I31-V36 or
V18-D23 and I31-M35 in A2V, and L17-A21 and I32-V36 in
MIX. This β-hairpin heterogeneity and polymorphism, leading
to cross-RMS deviations between 2.4 and 5.6 Å using the
residues 16−35, has already been discussed in REMD
simulations of Aβ1−40, Aβ1−28 and Aβ1−42 monomers.25−27
The formation and stabilization of the β-hairpin plays an

important role in the aggregation of the Aβ peptides.1,31,34

Indeed, when S26 is phosphorylated, residues 23−28 become
more rigid and fibrilization is impaired,35 but if D23 and K28
are constrained by a lactam bridge, the aggregation rate is
increased by 3 orders of magnitude.36 There is NMR
spectroscopy evidence that upon association to the homodi-
meric ZAβ3 protein of 58 residues, the Aβ1−40 monomer forms
a β-hairpin spanning CHC and the residues 31−36,37 and
oligomers of 4−33 Aβ peptides display antiparallel β-
sheets.1,38,39 The self-assembly32,40 and toxicity32 of Aβ is also
critically dependent on the folding contact between F19 and
L34. We find that the probability of this intramolecular contact
increases from 32% in A2V and WT to 51% in MIX, thus
enhancing the β-hairpin propensity in MIX. Differences in β-
hairpin population spanning CHC−CT was also reported by
simulation of disulfide bond-locked double mutants (L17C/
L34C) of Aβ1−40 and Aβ17−40 monomers that showed the
flexible N-terminal residues help the transfer of entropy to the
surrounding solvation shell.41 Whether this transfer of entropy
is observed in our systems will be studied elsewhere.
Another striking difference between the dimer ensembles lies

in the association of the two chains and the population of the
intramolecular three-stranded β-sheet conformation spanning
Nter−CHC−Cter. We find that the population of this folded β-
sheet, which ranks in the order: MIX (23%) > WT (15%) and
A2V (9%), correlates with the increase in the experimental lag
phases for fibril formation: MIX > WT > A2V.7 The presence
of this transient N-terminal β-strand in Aβ1−40 dimers upon
single A2V mutation is likely to increase the free energy barrier
to convert one molecule to its aggregation-prone state

Figure 6. Characterization of the first 20 overall states of the WT
(black), A2V (red), and MIX (green) dimers at 315 K. Shown are the
total number of the intramolecular contacts between CHC−Cter (a),
the total intermolecular potential energy (b), the intermolecular
potential energies between Nter−CHC (c), and between Cter−CHC
(d).

Figure 7. Percentage of all α-topologies for the first 100 states of the
dimers for the WT, A2V, and MIX dimers at 315 K. An all-α-topology
is defined if both chains are have an α-helix alpha with at least four
consecutive residues in the α-state, and there are no β-strands. Shown
are the results using all conformations of each state.
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(consistent with kinetics data7) and change the oligomer size
distribution (consistent with IM-MS data10). This additional β-
strand may also lead to new oligomer conformations and hence
change the overall toxicity. In all three systems, however, a large
structural reorganization is still necessary for the structures to
fit the amyloid-competent conformations, supporting a tradi-
tional polymerization−nucleation mechanism rather than a
template-assisted assembly process for amyloid formation.1,42

In summary, the dimerization is critical for the formation of
small oligomers, fibril growth, secondary nucleation process and
it is a key primary event of the pathogenesis of Alzheimer’s
disease. Yet, the structural properties of the Aβ dimer in
aqueous solution are largely unknown. Our simulation study
provides insights into the complex and long-range effects of the
single and double A2V mutation on the Aβ1−40 dimers. The
results show that the causative and protective effects of A2V
mutation in homozygous and heterozygous forms lead to
different dimer conformational ensembles with an increase of
intramolecular interaction in MIX and of intermolecular
interaction in A2V with respect to the wild-type peptide.
How the A2V/WT mutation impacts the secondary nucleation
rate9 remains to be explored. Whether the protective effect of
A2T can be rationalized similarly at the structure and
thermodynamic molecule and residue levels on the Aβ1−40
dimer will be reported elsewhere.

■ METHODS
Simulation Details. The starting structure for the A2V-WT

(MIX) and A2V dimers was taken from our WT dimer (Figure 1 of ref
16), so the three initial structures are identical. As in the WT
simulation, the peptides were centered in a truncated octahedron box
of 214 nm3 with TIP3P water molecules resulting in a peptide
concentration of 15.5 mM. To mimic a 20 mM phosphate buffer used
experimentally, we added one H2PO4

− ion and one H2P04
2− ion. The

peptides at pH 7 have NH3
+ and CO2

− termini, deprotonated Glu and
Asp, protonated Arg and Lys, and neutral His with a protonated Nε
atom. Each system was neutralized by adding 9 K+ ions.
We used the protocol employed for the WT dimer16 with the

GROMACS program.43 The integration time step was 2 fs,
electrostatic interactions were calculated using the particle mesh
Ewald method and a cutoff of 1.1 nm44 and the van der Waals
interactions were truncated at 1.2 nm. All simulations were carried out
with 60 replicas varying from 300 to 448 K using the temperature
method45 and the velocity-rescaling thermostat was used for
temperature coupling.46 Exchanges between neighboring replicas
were attempted every 2 ps. The plot of the exchange probabilities as
a function of the temperatures shows variations between 21% (310 K)
and 25% (340 K), leading to an acceptance ratio of 22% averaged over
all temperatures. Each replica ran for 400 ns.
Analysis Details. The secondary structure was calculated using the

STRIDE program.47 A hydrogen bond (H-bond) was considered
formed when the acceptor−donor distance is less than 3.5 Å, and the
acceptor−donor−hydrogen angle is less than 30°. A salt-bridge (SB)
between two charged side-chains was considered formed if the
distance between two specific atoms remains within 4.6 Å.16 A β-
hairpin was defined if there are at least two backbone H-bonds formed
between consecutive β-strands, and at least three consecutive residues
belonging to the Ramachandran β-strand region in each strand.16 To
capture differences between the three systems, we did not use the
common definition for a side-chain−side-chain (SC−SC) contact,
namely, a contact between two residues is formed if the minimum
distance between any of their heavy SC atoms is <0.45 nm. Rather, we
defined the contacts as follows. Let nij and Nij be the number of heavy
atom pairs within a distance <0.45 nm and the number of all heavy
atom pairs between residues i and j, and Cij = nij/Nij. Then, the number
of contacts between the residues (m1 ,m2) and (n1 ,n2) is defined by Q
= 100 × Σi=m1

m2 Σj=n1
n2 Cij.

The dimer conformations and their free energy landscapes (FEL)
were analyzed using our method that identifies all the structures
accurately.48 The basis idea is that the intramolecular and
intermolecular states are described in terms of combinations of
single-molecule and double-molecule states, respectively, and the
overall structures of oligomers are the product basis of the
intramolecular and intermolecular states.

In the previous analysis of WT dimer, the FEL of a single molecule
was constructed using the backbone dihedral angle PCA analysis.16

Here the FEL was projected onto the two coordinates QNter−CHC and
QCter−CHC which are the total number of intramolecular SC−SC
contacts between Nter−CHC, and between Cter−CHC, respectively,
with Nter spanning residues 1−15, the central hydrophobic core
(CHC) spanning residues 16−22 and Cter spanning residues 31−40.
Then to obtain the intramolecular states, we carried out clustering
analysis using the Hartigan−Wong k-means algorithm as implemented
in the R program suite program suite in the R program suite.49

To obtain the double-molecule states, we first determined the
relative orientations and distances between the two chains, using nine
reaction coordinates which are the total numbers of intermolecular
SC−SC contacts Qx−y between the regions x and y, where x and y
stand for Nter, CHC, and Cter. To obtain the intermolecular states on
this nine-dimensional space, we then carried out clustering analysis
using the Hartigan−Wong k-means algorithm. Note that, as k-means
depends on the initial conditions, for each system, the algorithm was
run 2000 times and to obtain the optimal value of the number of
clusters, we examined the sum of squares of the observations to their
assigned cluster centers and the 30 most popular indices as
implemented in NbClust package.16
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