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a b s t r a c t

The self-assembly of amyloid-beta (Ab) proteins in aqueous extracellular environments is implicated in
Alzheimer's disease. Among several alloforms of Ab proteins differing in sequence length, the 42- and 40-
residue forms (Ab42 and Ab40) are the most abundant ones in the human body. Although the only
difference is the additional I41A42 residues in the C-terminus, Ab42 exhibits more aggregation tendency
and stronger neurotoxicity than Ab40. Here, we investigate the molecular factors that confer more ag-
gregation potential to Ab42 than to Ab40 based on molecular dynamics simulations combined with
solvation thermodynamic analyses. It is observed that the most salient structural feature of Ab42 relative
to Ab40 is the more enhanced b-sheet forming tendency, in particular in the C-terminal region. While
such a structural characteristic of Ab42 will certainly serve to facilitate the formation of aggregate species
rich in b-sheet structure, we also detect its interesting thermodynamic consequence. Indeed, we find
from the decomposition analysis that the C-terminal region substantially increases the solvation free
energy (i.e., overall “hydrophobicity”) of Ab42, which is caused by the dehydration of the backbone
moieties showing the enhanced tendency of forming the b-structure. Together with the two additional
hydrophobic residues (I41A42), this leads to the higher solvation free energy of Ab42, implying the larger
water-mediated attraction toward the self-assembly. Thus, our computational results provide structural
and thermodynamic grounds on why Ab42 has more aggregation propensity than Ab40 in aqueous
environments.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Amyloid-beta (Ab) proteins are the major component of extra-
cellular aggregates found in the brain of Alzheimer's disease (AD)
patients [1]. These proteins are produced from the amyloid-beta
precursor protein through the cleavage by the b- and g-secre-
tases. The resulting Ab alloforms are composed of different
sequence lengths ranging from 36 to 43 residues. About 90% of the
Ab production from the cells is Ab40 and the remainder is almost
Ab42 (~10%). While they differ only in the C-terminus (I41A42), they
exhibit distinct biophysical, physiological, and clinical characteris-
tics [2,3]. In particular, Ab42 aggregates much faster and easily
compared to Ab40, and its neurotoxicity is stronger [2]. In addition,
Ab42 is found to be more abundant in the brains of AD patients [4].

Deducing why Ab42 is more aggregation prone than Ab40
).
requires detailed studies on the respective monomers to identify
factors facilitating their interconversions to oligomers and amyloid
fibrils. However, while the structural studies on oligomers and
amyloid fibrils have been much advanced in recent years [5e7],
experimental determination of the monomer structure has been
hampered by their intrinsically disordered nature and strong pro-
pensity to aggregate in aqueous environments [8]. Computer sim-
ulations have therefore played a complementary role, in particular,
for elucidating distinctive characteristics of Ab42 and Ab40
monomers [9]. However, key structural and thermodynamic traits
that capture distinct aggregation propensity of Ab42 and Ab40
remain elusive.

Herein, we report computational studies to explore distinctive
structural and thermodynamic characteristics of Ab42 and Ab40
monomers in aqueous environments. We performed explicit-water
MD simulations to analyze the structural differences between Ab42
and Ab40. Solvation free energy calculations using the liquid
integral-equation theory were also carried out to investigate the
thermodynamic features of Ab42 and Ab40. Solvation free energy is
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the key thermodynamic parameter dictating the protein aggrega-
tion propensity since it quantifies an overall affinity of a protein
toward solvent water [10]: higher solvation free energy (i.e., less
favorable solvation by water) of a protein implies more
aggregation-prone potential. To uncover the origin of the difference
in solvation free energy between Ab42 and Ab40, we also per-
formed its decomposition analysis [11] which allows us to inves-
tigate how the structural and thermodynamic properties are
connected. Thereby, we aim to uncover the structural and ther-
modynamic factors relevant to the distinct aggregation propensity
exhibited by these proteins.
2. Materials and methods

2.1. Molecular dynamics simulations

We used the PMEMD module in the AMBER16 simulation suite
[12] to conduct explicit-water MD simulations for Ab42 and Ab40.
For proteins, we adopted the ff99SB force field [13], whereas for
water we applied the TIP4P-Ew model [14]. Ab42 (Ab40) protein
was solvated by counter ions and 13,419 (10,496) water molecules
in a cubic box of the size ~75 Å (~69 Å). Since both Ab42 and Ab40
monomers are inherently disordered in aqueous media, we carried
out the heating/annealing simulations [15] prior to the production
runs. The production runs were performed at an ambient condition
(300 K and 1 bar) using Berendsen's method [16]. Twelve inde-
pendent 100 ns production runs were carried out for each of Ab42
and Ab40 proteins. From the Ab42 and Ab40 simulation trajectories,
we saved protein conformations every after 5 ps for the structural
analyses. The J-coupling constants were computed using the Kar-
plus equation [17]. The contents of the secondary structure were
analyzed with the DSSP program [18]. The main-chain and side-
chain contact maps were created based on the heavy atoms con-
tacts, which were considered formed if the distance between them
Fig. 1. (A) Simulated J-coupling constants (blue squares) and the NMR data (red triangle
representative structure determined from the clustering analysis) and experimental structu
the references to color in this figure legend, the reader is referred to the Web version of th
is lower than 7 Å. Representative protein structures were obtained
by performing the RMSD-based K-clustering analysis (4.0Å cutoff)
[19].

2.2. Solvation free energy analyses

We computed the solvation free energy Gsolv using the 3D-RISM
(three-dimensional reference interaction site model) theory [20].
Each-residue contribution to Gsolv was obtained based on the exact
atomic decomposition method [11]. We notice here a major
drawback of the 3D-RISM, which is its poor ability to accurately
compute absolute values of Gsolv. On the other hand, it is known that
relative values are reasonably accurate due to the cancellation of
errors [10]. In the present work, we are primarily interested in the
difference in solvation free energy, DGsolv¼ Gsolv(Ab42) e Gsol-

v(Ab40), of Ab42 and Ab40 and its decomposition into contribu-
tions from constituent residues. The mentioned drawback of the
3D-RISMmatters here because of the difference in sequence length,
in particular, in the C-terminus contribution to DGsolv, defined here
as DGC-terminus¼ Gsolv(V40I41A42) e Gsolv(V40) in terms of the last
three residues (V40I41A42) of Ab42 and the last residue (V40) of
Ab40. Recently, an empirical model has been proposed that aims to
correct Gsolv from the 3D-RISM [21], which was adopted here to
estimate the correction to the C-terminus contribution.

3. Results and discussion

3.1. Validation through experimental data

Ab42 and Ab40 monomers in aqueous solutions are intrinsically
disordered lacking a well-defined three-dimensional structure. To
validate the simulated structures of disordered proteins, the com-
parison with NMR experiments is common and useful. Such vali-
dation is presented in Fig. 1A, where we compare the simulated J-
s) for Ab42 (left panel) and Ab40 (right panel). (B) Simulated structure (green; the
re (cyan) from an aqueous-phase NMR (PDB ID: 2LFM) for Ab40. (For interpretation of
is article.)
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coupling constants with the NMR data [22]. We find reasonable
agreement both for Ab42 and Ab40. The average values of the
simulated J-coupling constants are 7.5 Hz for both Ab42 and Ab40,
whereas those of the experimental values are 6.8 Hz for Ab42 and
6.6 Hz for Ab40, i.e., the simulated values are higher than the
experimental ones by ~10%. As recently pointed out [23], this dif-
ference may be partly due to the relaxation effects that would lead
to ~10% upward shift of the experimental values.

Because of the intrinsically disordered nature in aqueous solu-
tions, the atomic-level structure determination from experiments
has been difficult for Ab monomers. On the other hand, a recent
NMR study reported an aqueous-solution structure for Ab40, which
exhibits the 310-helix structure in the residues 13e23 [24]. We
found that our simulations for Ab40 generate a structure that is
relatively close to this experimental structure (Fig. 1B), showing the
310-helix structure in the residues 14e17 and 19e22. (The Ca RMSD
value between the experimental and simulated structures is 2.6 Å
for the residues 14e22, but it is 1.7 Å if the residues 14 and 17
exhibiting the largest deviations are excluded.) However, this
particular Ab40 structure was not stable in our simulations. Indeed,
the cluster (with the cutoff value of 4.0 Å) that includes this
structure populated only 1.5% of the trajectory. Although this might
be caused by the inaccuracy of the force field, our simulations
demonstrating no stable Ab40 structure are consistent with the
well-accepted view that Ab40 monomer is inherently unstructured
in aqueous environments. On the other hand, the structure shown
Fig. 1B can be considered as a representative Ab40 structure in the
sense that the most distinctive structural characteristic of Ab40 is
the enhanced population of the 310-helix conformation in the res-
idue region 14e17 (see blow).

3.2. Structural characteristics

The secondary-structure contents for Ab42 and Ab40 are dis-
played in Fig. 2, and Table 1 summarizes the averages over the
whole sequence. Reflecting the intrinsically disordered nature, the
secondary-structure contents of both Ab42 and Ab40 are domi-
nated by turns (~17%) and coils (~70%). However, we do observe
distinctive structural characteristics of these two proteins. We find
that the b-sheet contents of Ab42 are much higher than those of
Ab40 (Fig. 2C and G). On the other hand, while the a-helix contents
for both proteins are low and comparable (~2%), the 310-helical
structures are much more populated in Ab40 than in Ab42, in
particular, in the residues 14e17 (Fig. 2B and F).

The intrinsically disordered characters of Ab42 and Ab40 are
also reflected in somewhat large standard deviations of the
secondary-structure contents (Table 1). To further investigate the
nature of those large standard deviations, we show in Fig. 2D and H
the population maps of the 310-helical versus the b-sheet contents
for Ab42 and Ab40, respectively. (Each point in these figures rep-
resents the population of individual protein structures possessing
the specific 310-helical and b-sheet contents.) It is clear from these
figures that the secondary-structure contents of Ab42 and Ab40
largely deviate from the normal distribution; the standard de-
viations reported in Table 1 should therefore be taken just as a
rough measure of the magnitude of the fluctuations in the
secondary-structure contents. Nevertheless, specific conforma-
tional preferences mentioned above e the higher population of the
b-sheet structures in Ab42 and that of the 310-helical structures in
Ab40 e are clearly discernible also from these population maps.

To analyze the distinctive structural characteristics in more
detail, we show in Fig. 3A the contact and difference maps for the
main chain (left-upper parts) and side chain (right-lower parts).We
find that themost significant effect of the presence of the additional
two residues (I41A42) in Ab42 shows up in the C-terminal region
where the residues 28e40 form more contacts both in the main
chain and side chain (red box in Fig. 3A, termed region IV for later
reference; the representative structure exhibiting these contacts is
displayed in Fig. 3B). These contacts reflect the aforementioned
higher b-sheet forming tendency of Ab42 in the C-terminal region
(Fig. 2C). For Ab40, we observe the enhanced side-chain contacts in
the residues 14e17 (purple box in Fig. 3A, termed region II; the
representative structure showing these contacts is presented in
Fig. 3C). These side-chain contacts are formed due to the enhanced
310-helix population in this residue region of Ab40 (Fig. 2F). In
addition, we observe in Ab40 the enhanced hydrophobic contacts
in the residue region 19e27, which are not observed in Ab42 (blue
box in Fig. 3A, termed region III; the representative structure hav-
ing these contacts is shown in Fig. 3C).

3.3. Thermodynamic features

The strength of the protein-water interaction characterized by
Gsolv is one of the controlling factors of the aggregation propensity
[10]. We computed the difference in solvation free energy,
DGsolv¼ Gsolv(Ab42) e Gsolv(Ab40), to investigate the distinctive
thermodynamics features of Ab42 and Ab40, and found that
Gsolv(Ab42) is significantly higher than Gsolv(Ab40),
DGsolv¼ 41.4± 15.7 kcal/mol (average± standard error).

To uncover the origin of the difference in solvation free energy,
we decomposed DGsolv into each-residue contribution (Fig. 4A). To
ease the discussion, we grouped these residue contributions into
the charged-residue contribution, non-charged residue contribu-
tion, and the C-terminus contribution (Table 2): the contribution
from the non-charged residues is further partitioned into the re-
gions I to IV for later convenience (see below). We find that the
largest contribution (29.6± 1.3 kcal/mol) to DGsolv originates from
the C-terminal end, i.e., from the additional two hydrophobic res-
idues (I41A42) in Ab42, although this value may be considerably
overestimated due to the drawback of the 3D-RISM. Indeed, the
correction based on Ref. [21] provides a much smaller estimate
(3.9± 1.5 kcal/mol) on the C-terminus contribution. We also
observe that the large standard error (15.7 kcal/mol) of DGsolv stems
mostly from that of the charged-residue contribution
(9.6± 12.5 kcal/mol). This is because the electrostatic interaction
dominates the solvation free energy change [25,26], and hence,
DGsolv is quite sensitive to the hydrogen-bond/salt-bridge forma-
tion involving charged residues. Indeed, it is observed that the sign
ofDGsolv for the charged residues (colored in Fig. 4A) correlates well
with the difference in the fraction of the hydrogen-bonds and salt-
bridges formed with those residues (Table 3). Because of the large
standard error, however, the relevance of the charged-residue
contribution is not conclusive.

To further analyze the non-charged residue contribution, in
particular to make connection with the structural analyses pre-
sented in the previous subsection, we partitioned the amino acid
sequence into the four regions (Fig. 4B and Table 2). The region I
(residues 2e13) is the N-terminal region, and we found that the
contribution to DGsolv from this region is rather small (1.1± 3.8 kcal/
mol). The region II (residues 14e17) is the regionwherewe observed
that Ab40 exhibits the enhanced 310-helix forming character
(Fig. 2F) and concomitant side-chain contacts (Fig. 3C). The forma-
tion of these contacts accompanies the dehydration of this region:
this provides a positive contribution to Gsolv(Ab40), and hence, a
negative contribution to DGsolv¼ Gsolv(Ab42) e Gsolv(Ab40), whose
value is found to be �2.3± 2.5 kcal/mol (Table 2). In the region III
(residues 18e27), the enhanced formation of the hydrophobic
contacts is found in Ab40 relative to Ab42 (Fig. 4B). This leads to a
positive contribution to Gsolv(Ab40), and therefore, a negative
contribution to DGsolv, which is found to be �5.4± 3.5 kcal/mol.



Fig. 2. (AeC) Average a-helix contents (A), 310-helix contents (B), and b-sheet contents (C) versus amino acid residue for Ab42. (D) Population map of the 310-helical versus the b-
sheet contents for Ab42. (EeH) Corresponding results for Ab40.

Table 1
Average secondary-structure content (%) ± standard deviation.

a-helix 310-helix b-sheet Turn Coil

Ab42 1.9± 4.0 3.1± 4.9 9.1± 6.8 17.8± 8.8 68.1± 12.8
Ab40 2.3± 5.4 5.2± 6.6 3.9± 5.3 16.1± 7.8 72.5± 12.5
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Finally, the region IV (residues 29e39) is the C-terminal region
where Ab42 exhibits the enhanced b-sheet contents relative to Ab40
(Figs. 2C and 4B). Because of the dehydration of this region, the
region IV provides a positive contribution (þ8.8 ± 3.9 kcal/mol) to
DGsolv, whose magnitude is statistically meaningful and rather large.



Fig. 3. (A) Intramolecular contact maps (fractions of the contacts formed) for Ab42 and Ab40, and the difference map (fractions for Ab42 minus those for Ab40). The left-upper parts
refer to the main chain-main chain contacts, whereas the right-lower parts to the side chain-side chain contacts. In the difference map, the enhanced contacts formed by the
residues 28e40 of Ab42 are indicated by the red box, whereas the enhanced contacts formed by the residues 19e27 and 14e17 of Ab40 are indicated by the purple and blue boxes,
respectively. Representative Ab42 (B) and Ab40 (C) structures determined from the clustering analysis that exhibit these enhanced contacts. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. (A) Each-residue contribution (from residues 1 to 39) to the solvation free energy difference, DGsolv¼ Gsolv(Ab42) e Gsolv(Ab40). Contributions from the positively (nega-
tively) charged residues are colored blue (red), whereas those from the non-charged residues are drawn with black. (B) Magnified representation of the non-charged residue
contributions to DGsolv. The sequence is divided into the region I (residues 2e13), II (14e17, colored light purple), III (18e27, light blue), and IV (29e39, light orange). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.4. Molecular factors determining distinct aggregation propensity

The first step toward understanding why Ab42 and Ab40 pro-
teins, despite only the tiny difference in the C-terminus, exhibit the
distinct aggregation behavior is to uncover distinctive structural
characteristics of these proteins. We find from our simulations that
the most salient structural feature of Ab42 relative to Ab40 is the
enhanced b-sheet forming tendency, in particular, in the C-terminal
region (Figs. 2 and 4). Our simulation results agree with the
experimental observations that Ab42 possesses the C-terminal re-
gion which is more rigid and prone to form b-structure than Ab40
[27,28]. In this regard, we notice that the larger b-sheet forming



Table 2
The charged and non-charged residue contributions to the solvation free energy difference DGsolv (in kcal/mol) ± standard error.

Charged residues Non-charged residues C-terminus (V40I41A42
Ab42 eV40

Ab40)

Region I Region II Region III Region IV

9.6± 12.5 1.1± 3.8 �2.3± 2.5 �5.4± 3.5 8.8± 3.9 29.6± 1.3 (3.9 ± 1.5)a

a After the correction based on Ref. [21].

Table 3
Average fraction (%)± standard error with which each charged residue participates
in the hydrogen-bond/salt-bridge formation.

Ab42 Ab40 Difference

ASP1 84.9± 2.3 87.3± 2.4 �2.4± 3.3
GLU3 49.1± 7.5 53.7± 5.6 �4.6± 9.4
ARG5 76.3± 4.6 65.9± 4.3 10.3± 6.3
ASP7 86.8± 2.2 83.0± 1.6 3.8± 2.7
GLU11 29.6± 6.1 32.6± 5.3 �3.0± 8.0
LYS16 33.5± 6.1 38.8± 6.1 �5.3± 8.6
GLU22 24.9± 6.2 20.8± 3.1 4.1± 6.9
ASP23 85.1± 2.9 89.9± 2.5 �4.8± 3.8
LYS28 38.8± 6.3 25.2± 2.4 13.6± 6.7
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propensity has been suggested as one of the key factors deter-
mining the aggregation propensity [29,30]. Thus, the enhanced b-
sheet forming propensity of the C-terminal region of Ab42
compared to Ab40 provides the structural ground for the higher
aggregation potential of Ab42, acting to facilitate the formation of
oligomers and fibrils rich in b-sheet structure.

The relevance of water-induced interaction in protein aggrega-
tion has also been suggested [31,32]. In particular, the solvation free
energy quantifying the strength of the water-mediated force has
been demonstrated as the relevant factor determining the protein
aggregation propensity [10]. In consistent with this picture, the
overall hydrophobicity (solvation free energy) of Ab42 is found to
be much higher than that for Ab40, implying that the surrounding
water imparts a larger water-mediated attraction for the self-
assembly of Ab42. The decomposition analysis furthermore in-
dicates that, while the presence of extra hydrophobic residues
(I41A42) in the C-terminal end mainly accounts for the increased
hydrophobicity of Ab42 over Ab40, the enhanced b-structure
forming tendency in the C-terminal is also responsible for this
thermodynamic feature. Thus, our computational results provide
consistent and connected structural and thermodynamic bases for
the higher aggregation potential of Ab42, which are largely rooted
in the C-terminal region. This is in agreement with the experi-
mental implication that this region of Ab42 may be the seed for
aggregation [29,33,34].

In conclusion, we report computational studies on Ab42 and
Ab40 associated with Alzheimer's disease based on the MD simu-
lations and on the solvation thermodynamic analyses, exploring
the structural and thermodynamic origin on why Ab42 aggregates
much faster than Ab40. We observe that Ab42 exhibits the higher
tendency of forming b-sheet conformations than Ab40, which will
facilitate the conversion toward b-sheet rich oligomer species and
amyloid fibrils. We also find from the solvation thermodynamic
analysis that the Ab42 is more hydrophobic than Ab40, implying
that the larger water-mediated attraction will operate for the self-
assembly of Ab42. The increased hydrophobicity of Ab42 not only
originates from the additional two hydrophobic residues (I41A42) at
the C-terminus, but is also contributed from the enhanced ten-
dency for forming the b-structure in the C-terminal region. Thus,
our work offers a structurally and thermodynamically consistent
picture on why Ab42 exhibits a more aggregation-prone nature
than Ab40.
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