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ABSTRACT: Aggregation of amyloid-β (Aβ) proteins in the brain is a
hallmark of Alzheimer’s disease. This phenomenon can be promoted or
inhibited by adding small molecules to the solution where Aβ is embedded.
These molecules affect the ensemble of conformations sampled by Aβ
monomers even before aggregation starts. Here, we perform extensive all-
atom replica exchange molecular dynamics (REMD) simulations to
provide a comparative study of the ensemble of conformations sampled
by Aβ42 monomers in solutions that promote (i.e., aqueous solution
containing NaCl) and inhibit (i.e., aqueous solutions containing scyllo-
inositol or 4-aminophenol) aggregation. Simulations performed in pure
water are used as our reference. We find that secondary-structure content is
only affected in an antagonistic manner by promoters and inhibitors at the
C-terminus and the central hydrophilic core. Moreover, the end of the C-terminus binds more favorably to the central hydrophobic
core region of Aβ42 in NaCl adopting a type of strand−loop−strand structure that is disfavored by inhibitors. Nonpolar residues that
form the dry core of larger aggregates of Aβ42 (e.g., PDB ID 2BEG) are found at close proximity in these strand−loop−strand
structures, suggesting that their formation could play an important role in initiating nucleation. In the presence of inhibitors, the C-
terminus binds the central hydrophilic core with a higher probability than in our reference simulation. This sensitivity of the C-
terminus, which is affected in an antagonistic manner by inhibitors and promoters, provides evidence for its critical role in
accounting for aggregation.

I. INTRODUCTION
The intrinsically disordered amyloid-beta (Aβ) protein is
highly susceptible to aggregation and the formation of amyloid
fibrils, which are the main constituent of senile plaques in the
brain of Alzheimer’s patients.1−5 Rates of aggregation are
affected by mutations in the Aβ sequence and properties of the
solution in which the protein is embedded.5−9 Faster
aggregation rates are often related to increased cell toxicity,
whereas inhibition of oligomer/fibril can be protective against
Alzheimer’s.6,10−12 A signature of the aggregation propensity is
expected to be encoded in the conformations of individual Aβ
proteins, i.e., monomers.13,14 In lattice models, specific
monomeric structures were identified preceding fibril for-
mation and the population of these structures under different
conditions was found to correlate with the rate of fibril
formation.14 The existence of precursor monomeric Aβ
structures could have important implications to treat
Alzheimer’s, as they could serve as targets for drugs aimed at
reducing aggregation before the irreversible formation of fibrils.
Here, we use extensive all-atom molecular dynamics

simulations in explicit solvent to perform a comparative
study of Aβ conformations sampled under solvent conditions
known to promote and inhibit fibril formation. Our goal is to
identify monomeric Aβ conformations that are sampled more
and less frequently under conditions that promote and inhibit

aggregation, respectively. We anticipate that some of these
conformations could be a precursor to aggregation and used as
targets in the design of drugs to treat Alzheimer’s. To represent
conditions that favor aggregation, we use aqueous solutions
containing NaCl at a concentration of 0.2 mM. Experimental
studies have shown that NaCl can enhance aggregation by a
factor of 3−4.8 There are a large number of molecules that can
inhibit aggregation. For the current study, we choose 4-
aminophenol (4AP)15 and scyllo-inositol16,17 also at a
concentration of 0.2 mM. The former has never been studied
using all-atom simulations, and the latter has only been studied
in the context of Aβ fragments.18,19 They are also small in size
which facilitates their computational study. Notice that other
stereoisomers of inositol have been shown to have a lesser
inhibiting effect on Aβ aggregation. As a reference, simulations
are also performed in pure water. We find that secondary
structure content does not change significantly in the different
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solutions except at the C-terminus and the central hydrophilic
core of Aβ. NaCl favors and discourages the formation of β-
sheets at the C-terminus and central hydrophilic core,
respectively. In contrast, β-sheets are discouraged by inositol
at the C-terminus and favored by 4AP at the central
hydrophilic core. There are also significant differences in
how the end of the C-terminus interacts with the various Aβ
regions in the different solutions. Interactions of the central
hydrophobic core with the end of the C-terminus through the
formation of antiparallel β-sheets are favored in the NaCl
solution and inhibited in 4AP and inositol solutions.
Interestingly, nonpolar residues that are close to each other
in these β-sheets are found to be part of the dry core of a solid-
state NMR model of Aβ42, i.e., PDB ID 2BEG.20 These
structures may, therefore, play an important role in accounting
for the increased nucleation rate of Aβ in NaCl solution. In
4AP and inositol solutions, the central hydrophobic core
interacts preferentially with the central hydrophilic core.
This paper is organized as followed. First, we review current

knowledge of monomeric Aβ structures obtained from
experimental studies and all-atom computer simulations. This
is followed by a discussion of small molecules and ions that are
known to inhibit and promote aggregation, respectively. This
includes a more detailed discussion of the effects of NaCl,
scyllo-inositol, and 4AP on aggregation. In section I, the
simulation method is described. Results are presented in
section II followed by the discussion and conclusion in section
III.
Structure of Aβ Monomers. The most abundant Aβ

proteins in the brain of Alzheimer’s patients are 40 and 42
residues long30−33 with the latter, i.e., Aβ42, exhibiting a faster
aggregation rate and increased toxicity.10,34 The Aβ sequence is
commonly divided into four regions that have alternating
hydrophilic−hydrophobic characters. Starting with the hydro-
philic N-terminus (residues 1−16), the second, third, and
fourth regions comprise residues 16−22, 23−29, and 30−42,
respectivelysee Figure 1. Compared to Aβ40, the increased
rate of aggregation of Aβ42 has been related to the more

pronounced hydrophobic character of its C-terminus, which
facilitates fibril nucleation while playing only a minor role on
peptide solubility.11,35

The intrinsically disordered nature of Aβ implies that, under
physiological conditions, monomers of this protein sample an
ensemble of conformations without adopting a stable native
structure.36−38 In a recent comprehensive NMR study, this
ensemble was shown to consist mainly of collapsed coil
structures.39 However, this study could not eliminate the
possibility of monomeric Aβ adopting sparsely folded
conformations with distinct structures. Accordingly, the
measured hydrodynamic radius of the monomer is 0.9 nm,
which characterizes relatively compact conformations as
opposed to self-avoiding random structures.40 In most NMR
studies, hydrophobic regions of Aβ adopt β-strand conforma-
tions with the central hydrophilic region sampling turn
motifs13,37,41−43see Figure 1. This is consistent with the
formation of transient strand−loop−strand conformations
involving residues from the central hydrophobic core to the
C-terminus.44 Residues 7−11 have also been reported to form
a β-strand in NMR studies43see Figure 1. In agreement with
these experiments, circular dichroism (CD) reported an overall
β content of 24% for Aβ40 monomers45 and Fourier transform
infrared (FTIR) spectroscopy reported that these β-strands are
packed in an antiparallel manner for monomeric and
oligomeric states.46,47 Notice that, since amyloid fibrils of Aβ
are made of parallel β-sheets, a structural rearrangement has to
take place during the nucleation of amyloid fibrils.

All-Atom Simulations of Aβ. Computer simulations have
been providing important atomic level insights into the
structure of Aβ monomers.4,5,48−51 Earlier all-atom molecular
dynamics simulations in explicit solvent reported a significantly
lower frequency of β-strands compared to experiments.
Recently, this discrepancy was shown to emerge in simulations
where Aβ conformations are not sampled sufficiently.13 It was
shown that, in order to obtain equilibrium structural ensembles
of Aβ monomers, extensive replica exchange molecular
dynamics (REMD) simulations with over 400 ns of simulation

Figure 1. Amino acid sequence of Aβ42 and some of its point mutations associated with early onset Alzheimer’s. Mutations are typically named after
the geographic location in which they were first identified. Arrows pointing upward and downward represent mutations that increase and slow
down Aβ aggregation, respectively. Brown color is used for mutations that are protective against Alzheimer’s. Red, blue, and green colors in the
Aβ42 sequence represent negative, positive, and polar residues, respectively. Experimentally identified turns and β-strands are marked using curled
black lines and blue arrows, respectively. Residues comprising the N-terminus, central hydrophobic core, central hydrophilic core, and C-terminus
are highlighted as well as the net charge of these regions. (References: A2T,11 A2V,11 D7H,21 E11K,22 K16N,23 A21G,24,25 E22G,26 L34V,27

A42T.28,29)
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per replica are necessary.13,50 In these equilibrium molecular
dynamics ensembles, β-strands are formed within the same
residues as experiments and with a frequency close to the one
measured experimentally. This result was reproduced using
three force fields showing that equilibrium Aβ ensembles are
mostly robust against changes in the force field.13,51 Force
fields were shown to affect mainly the flexibility of loop regions
as well as electrostatic interactions between charged side
chains, which appear to be overestimated in the OPLS-AA
force field. These findings are reassuring and suggest that,
when simulations are performed long enough to produce
equilibrium ensembles, they can complement experiments by
providing atomic level insights.
In computer simulations, structures of Aβ40 monomers are

characterized by transient antiparallel β-hairpins between the
central hydrophobic core and the beginning of the C-terminus
(residues 30−34).13 Transient contacts between the central
hydrophobic core and the end of the C-terminus (residues
39−40 or 39−42), which are rare in Aβ40, were also reported
for Aβ42 monomers.13,49,52 This may explain why the end of
the C-terminus in Aβ42 is significantly more rigid and
structured than in Aβ40.

49,53,54 Double β-hairpins involving
the central hydrophobic core and the beginning and the end of
the C-terminus have also been observed for Aβ42 but not
Aβ40.

13,41,49 It was suggested that hydrophobic side chains in
these double β-hairpins, which are exposed to the solvent, may
serve as hot spots for self-aggregation.41

The effect of several point mutations on the structure of
monomeric Aβ peptides has also been studied using computer
simulations.13,49,55,56 Mutations that reduce the net electro-
static repulsion between the negative N-terminus and negative
residues at positions 22/23 accounted for a subtle increase in
the bonding frequency of these regions with a rather small
increase in the β-sheet character of the N-terminus. This
included mutations in which the negative glutamic acid at
position 22 was removed (Aβ40−E22Δ), replaced with a
positive lysine residue (Aβ40−E22K), or replaced with
glutamine (Aβ40−E22Q) as well as mutations in which the
negative aspartic acid at position 23 was replaced with
asparagine (Aβ40−D22N) or glycine (Aβ40−E22G)13,55see
Figure 1. Mutation of alanine at position 2 with threonine
(Aβ−A2T) is protective against Alzheimer’s disease, and it
reduces Aβ aggregation rates.11,57 In one computational study,
the Aβ42−A2T mutation encouraged the N-terminus to
interact with distant regions of the peptide.56 This was related
to a reduction in the population of double β-hairpins between
the central hydrophobic core and the C-terminus, which are
conformations that may precede fibril formation. However, in a
more extensive study, the Aβ40−A2T mutation was shown to
affect the N-terminus in a similar fashion as the amyloidogenic
mutations in residues 22/23. This raised the question of
whether the effect of this mutation on the structure of
monomers was responsible for its protective role in
Alzheimer’s.13

Inhibitors and Promoters of Aβ Aggregation.
Motivated by the anticipated therapeutic effect of inhibiting
Aβ aggregation, several studies have been dedicated to
compounds that can produce this effect when added to the
solution.7,9,58−64 Examples of molecules that can inhibit Aβ
aggregation include ibuprofen,65,66 curcumin,67 naproxen,68

norepinephrine,69 wgx-50 (extracted from Sichuan pepper),70

and epigallocatechin gallate (EGCG), which is an abundant
polyphenol in green tea.71,72 A common feature of these

molecules is the presence of at least one aromatic ring in their
structure, suggesting their potential to disrupt hydrophobic
and pi-stacking interactions between Aβ side chains. Similarly,
4-aminophenol (4AP)15 and scyllo-inositol,16,17 which will be
studied in this work, also contain aromatic groupssee Figure
2. At concentrations above 10 μM, the former was shown to

inhibit the formation of soluble Aβ oligomers as well as
amyloid fibrils and to disrupt preformed aggregates.15 More-
over, 4AP was shown to block Aβ toxicity in rat hippocampal
neurons in cell culture. scyllo-Inositol was shown to inhibit
fibril formation of Aβ42 at concentrations of 1−5 mM and to
block toxicity of this protein in primary human neuronal
cultures.16 Interestingly, a different stereoisomer of inositol,
i.e., chiro-inositol, did not have a significant effect on Aβ
aggregation.
In contrast to inhibitors, some molecules can promote fibril

formation. Examples are metal ions, i.e., Cu2+ and Zn2+, which
have a high affinity for the histidine-rich N-terminus of Aβ.73,74

They are found in plaque regions of diseased brains where they
may play a key role in the formation and stability of Aβ
aggregates.75,76 In the same vein, salts, e.g., NaCl, promote
nucleation and growth of Aβ40 fibrils by reducing the lag phase
and increasing the fibril growth rate, respectively. This
accounts for amyloid fibrils forming 3−4 times faster in
solutions containing NaCl at physiological concentrations,
i.e.,150 mM.8 These kinetic effects of amyloid fibrils were
related to nonspecific shielding of electrostatic interactions8,77

whereby reduced repulsion between monomers and fibril
surfaces was shown to promote secondary nucleation events.8

In one thorough study, effects of salt were attributed to specific
ion−peptide interactions, changes in water structure (surface
tension), and changes in the structure of the reaction product,
i.e., Aβ aggregates.78 The stability of amyloid fibrils also
increases with increasing salt concentration.78

Most molecular dynamics studies have focused on under-
standing how small molecules bind to fibril models of Aβ (e.g.,
PDB ID 2BEG). These studies often highlight binding pockets
of the fibril model and the hydrogen bonding network of the
Aβ compound complex.67−71,79 Fibrils and oligomers made
from short segments of Aβ are also commonly used as targets
for small compounds. Of particular interest to our work, scyllo-
and chiro-inositol have been shown to interact predominantly
via hydrogen bonds to models of (GA)4 fibrils.

18 In another
study, inositol was found to bind to monomers and disordered
aggregates less efficiently than protofibrils of Aβ16−22, with
scyllo-inositol displaying a higher binding affinity for phenyl-
alanine-lined grooves on the protofibril surface than chiro-

Figure 2. Atomic structures of (a) scyllo-inositol and (b) 4-
aminophenol (4AP). Carbon, oxygen, nitrogen, and hydrogen
atoms are shown in cyan, red, blue, and white spheres, respectively.
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inositol.19 Aβ monomers have also been used as a binding
target for compounds in a few computational studies. This is
particularly relevant for the development of drugs which aim to
stop aggregation before oligomers and stable fibrils have
formed. It requires, however, extensive sampling of the
conformational space due to the intrinsically disordered nature
of Aβ. In one study, the S-isomer of ibuprofen was shown to
bind more strongly to Aβ42 monomers than the R-isomer,
which is consistent with experiments.66 In another study,
hexapeptides inspired by the N-terminus of Aβ that inhibit
aggregation were shown to discourage the formation of
contacts between the central hydrophobic core and the C-
terminus.80 Longer simulations than the ones performed so far
are however required to account for conformational ensembles
of Aβ in the presence of solutes that are independent of the
initial structure.

II. METHODS
Conformations of Aβ42 monomers in pure water and aqueous
solutions containing ∼0.2 M NaCl, inositol, or 4-aminophenol
(4AP) are studied. A helical conformation of Aβ42 (PDB ID
1IYT) was used as its initial structure in the simulations with
zwitterionic termini and side chain protonation states
appropriate for pH 7.81 For simulations performed in pure
water, the peptide is placed in a cubic box of 6 nm length
containing 6305 TIP3P water molecules. The net charge of the
box was neutralized by adding 3 Na+ ions in the solution.
Details of the simulation setup in the other aqueous solutions
are summarized in Table 1. The AMBER99sb-ILDN force field

is used in all simulations, as it provides reasonable agreement
with NMR data for small proteins and the Aβ pep-
tide.13,41,82−84 The energy of the system was minimized, and
the system was equilibrated in the NPT ensemble (300 K and
1 atm) for 500 ps. Final conformations of this equilibration
period were used to perform constant pressure replica
exchange molecular dynamics (REMD) simulations.85 In
these simulations, the system was coupled to a velocity-
rescaling thermostat (τT = 0.1 ps) to maintain a constant
average temperature and the Berendsen barostat (τP = 0.1 ps)
was used to maintain an average pressure of 1 atm. Periodic
boundary conditions were applied, and the particle-mesh
Ewald (PME) method was used to treat long-range electro-
static interactions. A 1.0 nm cutoff distance was used for van
der Waals interactions and short-range electrostatic inter-
actions. Covalent bonds were constrained using the LINCS
algorithm, and an integration time step of 2 fs was used
together with the leapfrog integrator. Simulations were
performed using GROMACS version 5.1.86

REMD Simulation Details. We used 64 replicas with
temperatures distributed exponentially in the 310−500 K
range.87 Swaps between replicas were attempted every 4 ps,
which resulted in an average exchange probability of
approximately 20%. Each system was simulated for 700 ns/

replica, with the exception of simulations performed in pure
water which converged faster and were simulated for 600 ns/
replica. Convergence of the simulations was assessed by
computing the secondary structure content of Aβ. We used the
DSSP algorithm88 to determine secondary structures of a given
conformation. The overall secondary structure content of Aβ
averaged over windows of 50 ns is shown in Figure 3.

Secondary structures converge after 400 and 500 ns for
simulations performed in pure water and the other aqueous
solutions, respectively. The last 200 ns of each ensemble at 320
K is used for all analysis and is referred to as a production run.
The fluctuation in β-sheet content during the production run
was less than 5%see Figure 3 and Table 2. Notice that,

among the different types of secondary structures, β-sheets are
the slowest to converge and could explain why simulations
performed over short periods of time report low values of β-
sheets.41 In Figures S1 and S2 of the Supporting Information,
we also show distributions of the radius of gyration (Rg), end-
to-end distance (dee), number of backbone hydrogen bonds
(NHB), and solvent accessible surface area (SASA). These
distributions which are computed for trajectories spanning the
last and second-to-last windows of 100 ns do not change
significantly and provide further evidence that equilibrium
ensembles have been obtained.

scyllo-Inositol, 4AP, and NaCl. Parameters for inositol
and 4AP were obtained using AmberTools17 as follows: the
electrostatic potentials of inositol and 4AP were obtained at

Table 1. Details of the Simulations Performed in This Study

ns per
replica

water
molecules

solute
molecules

concentration
(in M)

water 600 6305 0 0
NaCl 700 6305 23 0.196
inositol 700 6305 23 0.193
4AP 700 6305 23 0.192

Figure 3. Convergence of REMD simulations at 320 K. Content of
secondary structures for simulations performed in (a) water, (b)
inositol, (c) 4AP, and (d) NaCl as determined by DSSP over 50 ns
windows. Dashed lines show the threshold time above which
secondary structures have converged.

Table 2. Average Quantities Computed at 320 Ka

water NaCl inositol 4AP

β 31.5 ± 0.02 30.7 ± 0.01 27.5 ± 0.02 33.7 ± 0.01
helical 6.5 ± 0.01 4.5 ± 0.02 3.2 ± 0.03 2.5 ± 0.01
coil 28.7 ± 0.01 31 ± 0.01 36.5 ± 0.02 31 ± 0.01
Rg 1.03 ± 0.14 1.02 ± 0.13 1.07 ± 0.11 1.07 ± 0.13
NHB 14.6 ± 3.2 13.4 ± 3.1 11.7 ± 3.0 13.6 ± 3.3
Nb 0.9 ± 0.23 13 ± 0.05 6 ± 0.06

aHelical, coil, and β contents are given in percentage. Rg and NHB
correspond to the radius of gyration (in nm) and number of intra-
backbone hydrogen bonds, respectively. Nb corresponds to the
average number of Na+, Cl−, inositol, or 4AP molecules bound to the
Aβ42 surface. Uncertainties are estimated using standard deviation.
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the HF/6-31G* level after a geometry optimization at the
AM1 level of theory. Partial charges were derived by fitting the
electrostatic potential using the bond-charge correction (BCC)
method, and the other force field parameters of the molecules
were taken from the GAFF parameter set.89 Force field details
of inositol and 4AP used in this study are provided in section
S2 of the Supporting Information. For NaCl, force field
parameters defined by Joung et al. were employed.90

To define binding of syllo-inositol, 4AP, Na+, and Cl−

molecules to the surface of Aβ42, a distance cutoff of 0.4 nm
is used. This cutoff is estimated from the distribution of the
minimal distance of each molecule to the protein surfacesee
Figure S8.

III. RESULTS AND DISCUSSION
Average Properties. Table 2 shows mean values of

different structural quantities of Aβ42 computed during the
production run. Regarding the content of secondary structures,
the percentage of residues adopting β (i.e., β-sheet and β-
bridge), helical (i.e., α-helix, 5-helix, and 3-helix), and coil
structures in the pure water solution is 31, 6.5, and 29%,
respectively. The experimentally measurεd β-sheet content of
Aβ40 monomers is 24%, which is close but lower than that in
our simulations.45 For the pure water solution, the average
radius of gyration (Rg) of backbone atoms and the number of
backbone hydrogen bonds is 1.03 nm and 14.6, respectively.
This simulated Rg is consistent with the experimentally
measured hydrodynamic radius of Aβ42 which is 0.9 ± 0.1
nm.40 These values for the radius of monomeric Aβ42 are
significantly lower than the one predicted for an unstructured
protein (i.e., self-avoiding random walk structures of a 42-
residue protein) which is 1.22 nm.91 In summary, Table 2
suggests that the ensemble of monomeric Aβ42 structures is
largely disordered with some secondary structures forming
along the sequence (mostly β-strands) and interacting with
each other to account for conformations that are more
compact than expected for an unstructured protein of the same
size.
Average quantities of Aβ42 in solutions containing NaCl or

4AP show only small differences when compared to the ones
computed in pure watersee Table 2. Adding inositol to pure
water accounts for Aβ42 structures that are more disordered;
i.e., they exhibit less β and more coil structures while being
more swollen (i.e., displaying a higher radius of gyration) and
forming less intrabackbone hydrogen bonds. This more
pronounced effect of inositol on the conformational ensemble
of Aβ42 can be explain by its stronger binding to the protein
surface. In Table 2, we show that the surface of Aβ42 binds on
average 13 inositol molecules as opposed to 6 for 4AP and less
than 1 Na+ ion and 1 Cl− ionsee also Figures S6 and S7.
These molecules bind nonspecifically to Aβ42see Figures S4
and S5. Notice that, despite coating the Aβ surface, even
inositol produces only small changes in the computed
structural quantities when averaged over all residuessee
Table 2. This may be explained by the degree of solvation of
the protein which does not change significantly under the
different conditions simulatedsee Figure S8b. Thus, we will
now focus on analyzing individual residues of Aβ42.
Secondary Structures. Parts a and b of Figure 4 show the

percentage of frames in which each Aβ42 residue adopts β
(panel a) or turn (panel b) conformations. We focus on these
two types of secondary structures, as they are the main ones
involved in fibril formationsee Figure S3 for the content of

coil, bend, and α-helix for each residue. Four regions of Aβ42
have a high propensity to form β conformations independently
of the solvent. They are residues 2−6 and 9−14 of the N-
terminus, residues 16−22 of the central hydrophobic core, and
residues of the C-terminus. In addition, the β content is mainly
affected by the type of solvent at residues 26−32 of the central
hydrophilic core. These regions are chosen for further analysis
in this paper. For simplicity, they are numbered sequentially
(R1−R5), as shown in Figure 4. We choose residues 38−42 of
the C-terminus to represent region R5, as these residues
account for a high level of β-sheet content that varies
significantly with the type of solution. Notice that residues in
between two consecutive β-sheet regions exhibit a high
probability to form turns (Figure 4b), suggesting the formation
of β-hairpins in the simulation. Regions with high β content in
Figure 4 are in agreement with other computational studies
performed with different force fields.13,41,51

Compared to pure water, the presence of NaCl in the
solution increases the probability of forming both β-strands at
regions R1 and R2 as well as turns in residues located between
these regions. This suggests the formation of a β-hairpin at the
N-terminus. Charge screening by NaCl, which reduces the
electrostatic repulsion between these negatively charged
regions, is a possible mechanism for the preference of this β-
hairpin. Also, NaCl increases and reduces the formation of β-
strands in regions R5 and R4, respectively. A main effect of
inositol is to significantly reduce the percentage of β-strands in
region R5, whereas 4AP increases the percentage of β-
structures in region R4. Inositol, 4AP, and NaCl reduce the
formation of turns in residues located between regions R2−R3
and R3−R4. We use arrows in Figure 4 to highlight these
changes.

RMSF. The flexibility of Aβ42 residues is affected by the
formation of β-strands and turns. This flexibility can be
estimated by computing backbone root mean square
fluctuation (RMSF). This quantity corresponds to the standard
deviation of the backbone’s atomic positions with respect to

Figure 4. Secondary structure content and root mean squared
fluctuation (RMSF) of each Aβ42 residue at 320 K in inositol, NaCl,
pure water, and 4AP. The amino acid sequence of Aβ42 and the five
regions with the highest amount of β-sheet are shown in the top
panel. The average content of (a) β and (b) turn conformations, as
defined using DSSP, is depicted for each residue. (c) The RMSF of
backbone atoms for each residue is depicted. Arrows are used to
highlight main changes with respect to simulations in pure water.
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their average values. In Figure 4c, we show that the highest
RMSF values occur for residues at both extremities of the
protein where they are more free to move. The flexibility of
residues in the middle of Aβ42 alternate between high (∼1.0
nm) and low (∼0.6 nm) RMSF values, which coincide with
regions exhibiting high turn and β-strand content, respectively.
NaCl reduces the flexibility of the negatively charged N-

terminus, and it increases the flexibility of the nonpolar C-
terminus. Previously, Aβ42 regions with high flexibility were
proposed to initiate aggregation, as they are more prone to
move and interact with neighboring proteins.55 The increased
flexibility of the C-terminus in the NaCl solution may suggest
such a role for this Aβ42 segment. Another region of the
protein that is affected by NaCl is the central hydrophilic core
comprising residues in region R4 that become more rigid.
Inositol increases the flexibility of the central hydrophobic core
of Aβ, i.e., region R3, and its adjacent residues involved in turn
formation. In contrast, 4AP reduces the flexibility of region R3
and residues involved in turn formation between regions R1
and R2. To provide a better understanding of these changes, in
the next section, we investigate the pair interactions of
residues, i.e., contact map, in different solutions.
Contact Maps. Contact maps in Figure 5a,b assume that

two residues are in contact when the distance between their
Cα−Cα atoms is less than 8 Å. These maps are discussed in
terms of the five regions introduced in Figure 4. In pure water,
Aβ42 forms antiparallel contacts with a high probability

between regions R1−R2 and R3−R4 and with a lower
probability between regions R1−R5 and R4−R5. In the
NaCl solution, we observe an increase in contacts between
regions R1 and R2 consistent with the formation of a β-hairpin
between these regions, as discussed in Secondary Structures
section and Figure 4. Also, compared to Aβ42 in pure water,
less contacts are formed between regions R3 and R4 and new
antiparallel contacts are formed between regions R3 and R5.
This suggests a shift in registry at region R3 whereby residues
prefer to interact with the end of the C-terminus (i.e., region
R5), instead of interacting with the neighboring region R4.
This could explain the higher β-sheet content at region R5 in
Figure 4 for the NaCl solution compared to pure water. All
pairs of regions form significantly less contacts in the inositol
solution than in pure water except for R1−R2 and R4−R5. In
the solution containing 4AP, there is an increase in R3−R4 and
R4−R5 contacts which suggests the formation of longer β-
sheets made from three strands with region R4 in the middle.
To better illustrate effects of the solvent, we depict in Figure

5c,d differences in Aβ42 contact maps. In this figure, we
highlight the main antagonistic effect of NaCl and inhibitors
which occurs for contacts between regions R3 and R5.
Contacts between these regions are scarce in pure water and
almost nonexistent in solutions containing inhibitors, whereas
they occur frequently and in an antiparallel fashion in the NaCl
solution. Contacts between regions R4 and R5 are more
pronounced in solutions containing 4AP and (to a lesser
extend) inositol than in pure water, but these contacts are not
significantly affected by NaCl. Changes in the frequency of
contacts between other regions do not produce antagonistic
effects for promoters and inhibitors of fibril formation. For
example, contact frequencies between regions R1 and R2
increase in both NaCl and inositol solutions compared to pure
water. In the same vein, a lower frequency of contacts is
observed between regions R3 and R4 for both NaCl and
inositol. A summary of these changes is provided in Table 3.

Hydrogen Bonding Regions. Antiparallel contacts in
Figure 5 suggest the existence of antiparallel β-hairpins in the
structure of Aβ wherein strands are held together through
backbone hydrogen bonds. In Figure 6a, regions R1−R5 are
represented as vertices of a pentagon and the thickness of the
lines connecting these vertices is proportional to the average
number of hydrogen bonds between the different regions in
pure water. More than two hydrogen bonds are formed on
average between regions R1−R2 and R3−R4 (thick line), and
more than one hydrogen bond is formed between R2−R3
(thin line). Added to the knowledge that regions R1, R2, R3,
and R4 have a high probability to form strands (see Figure 4)
and that regions R1−R2 as well as R3−R4 have a high

Figure 5. Contact maps of Cα atoms in (a) pure water and NaCl
solution as well as (b) inositol and 4AP solutions. The color scheme
corresponds to the contact probability computed over the production
run. Only nonsequential contacts (|i − j| > 3) are shown in the maps.
Contact map differences with respect to pure water for (c) NaCl
(upper corner) and inositol (lower corner) as well as (d) 4AP (upper
corner) are depicted. The lower corner of panel d corresponds to
differences between NaCl and 4AP contact maps. Thick and thin
rectangles correspond to contacts between regions R3−R5 and R3−
R4, respectively. Dashed and dashed−dotted lines correspond to
interactions between regions R4−R5 and R1−R2, respectively.

Table 3. Summary of the Main Changes in the Contact Map
due to the Solventa

R1−R2 R1−R5 R3−R4 R3−R5 R4−R5
water     
NaCl ↑  ↓ ↑ 
inositol ↑ ↓ ↓ ↓ ↑
4AP   ↑ ↓ ↑

aRegions R1−R5 are defined in Figure 4. Upwards (↑) and
downwards (↓) arrows represent an increase and decrease in the
number of contacts between Aβ42 regions computed with respect to
pure water ().

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c09617
J. Phys. Chem. B 2021, 125, 1085−1097

1090

https://pubs.acs.org/doi/10.1021/acs.jpcb.0c09617?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c09617?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c09617?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c09617?fig=fig5&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c09617?ref=pdf


probability to form antiparallel contacts (see Figure 5), this
suggests the existence of β-hairpins or strand−loop−strand
conformations between R1−R2 and R3−R4. Strand−loop−
strand conformations, also called U-shaped structures, between
R3−R4 have been observed and discussed in other computa-
tional studies44,92,93 wherein the central hydrophobic core
(mainly residues 16−22) and residues at the beginning of the
C-terminus (residues 29−35) account for the two strands with
the loop region comprising residues 23−28. A hairpin between
regions R2−R3 may also be present in our simulations,
although the contact map in pure water does not show
significant amounts of antiparallel contactssee Figure 5.
Compared to pure water simulations, changes in the average

number of hydrogen bonds due to the presence of solutes are
shown in Figure 6b−d. Red and blue lines are used to
represent a reduction and an increase, respectively, in the
average number of hydrogen bonds. The numbers of hydrogen
bonds between regions R3−R4 and R3−R5 are reduced and
increased, respectively, in the NaCl solution. This is consistent
with changes in the frequency of contacts in Figure 5 as well as
the increase in β-sheet content at the C-terminus in Figure 4. It
suggests a shift in registry of the strand−loop−strand
conformation wherein region R3 in the NaCl solution prefers
to interact with the end, instead of the beginning, of the C-
terminus. Strengthening of contacts through backbone hydro-
gen bonds is also observed between regions R1 and R2 in the
NaCl solution. This is consistent with the formation of a β-
hairpin, as suggested by contact maps in Figure 5, and
increased β/turn content in these regions, Figure 4. The
number of hydrogen bonds between most pairs of regions is
reduced in the solution containing inositol consistent with an

overall increase in disorder of the Aβ42 structure. In this
solution, the number of hydrogen bonds only increases
between regions R4 and R5. Similar effects on the Aβ42
structure are also observed in the presence of 4AP, except
that in this solution the average number of hydrogen bonds
shows a large increase between regions R3 and R4.
In summary, antagonistic effects of NaCl and inhibitors with

respect to the number of hydrogen bonds are observed in
regions R3−R5 and R4−R5. NaCl increases bonding between
regions R3 and R5, whereas inhibitors increase bonding in
regions R4−R5. Notice, however, that the absolute number of
hydrogen bonds between the different regions is small,
suggesting that the formation of tertiary Aβ42 structures, e.g.,
strand−loop−strand conformations, is transient.

Cluster Analysis. To gain insights into the diversity of
Aβ42 conformations sampled in the different solutions, we use
the gromos method, implemented in the GROMACS software
package, with a RMSD cutoff of 3.5 Å for backbone atoms to
group structures into clusters.86 Representative structures of
the five top clusters in each simulation setup are shown in
Figure 7. Clusters are labeled S1−S5, and the percentage of
structures that belong to each cluster is also shown in the
figure. The top 5 and 10 clusters encompass approximately 25
and 40%, respectively, of all structures in the production run.
Structures in Figure 7 differ significantly from each other,
which highlights their transient nature in the simulation. Most
residues in these structures form β-sheets and coil structures,
and only a few form α-helices. Table 4 shows all of the clusters
with β-sheets between selected pairs of regions R1−R5 defined
in Figure 4. This table also depicts the percentage of
conformations, within the top 5 clusters, that exhibit that
particular β-sheet. This number is computed by adding the
percentage of each cluster that forms the β-sheet of interest
(given in Figure 7) divided by the added percentage of all top
5 clusters.
In pure water, more than 40% of the structures in the top 5

clusters form β-sheets between regions R1−R2 and R1−R5
see Table 4. This high percentage is consistent with the large
average number of hydrogen bonds (i.e., 2.1 and 0.98,
respectively) formed between these regions in the production
run of the simulationsee Figure 6a. Also, 40% of the
structures in the top 5 clusters exhibit a β-sheet between
regions R3 and R5, whereas only a small number of hydrogen
bonds (i.e., 0.46) are formed between these regions when
computed over the whole production runsee Figure 6a. This
suggests that R3−R5 β-sheets are over-represented in the top 5
clusters, whereas the opposite is expected for β-sheets between
regions R3 and R4, which are under-represented in the top 5
clusters. In particular, the formation of R3−R4 β-sheets occurs
with a percentage of only 15% in the top 5 clusters, whereas
the computed number of hydrogen bonds (i.e., 2.02) between
these regions over the whole production run is one of the
largest onessee Figure 6a. This calls for some caution when
considering cluster analysis of the top 5 clusters, as they may
not be fully representative of all of the conformations formed
in the production run of the simulation. Nevertheless, it does
prove useful to interpret Figure 7 quantitatively.
The top 5 clusters in Figure 7 show the important role

played by NaCl and inositol/4AP on the formation of strand−
loop−strand structures involving regions R3, R4, and R5 of Aβ.
Inositol (see clusters S2, S4, and S5) and 4AP (see clusters S2,
S3, S4, and S5) favor structures in which region R4 adopts a
strand-like structure that can form β-sheets with regions R3

Figure 6. Hydrogen bond analysis. Regions R1−R5 are represented as
vertices of a pentagon. (a) Thick, thin, and dashed lines are used to
connect two vertices when the average number of hydrogen bonds
between the corresponding regions is greater than 2, 1, or less than 1,
respectively. Lines represent changes in the average number of
hydrogen bonds compared to pure water for (b) NaCl, (c) inositol,
and (d) 4AP. Blue and red lines are used to represent an increase and
a decrease in the average number of hydrogen bonds relative to pure
water simulation. Dashed, thin, and thick lines are used to represent
changes in the magnitude of the number of hydrogen bonds that are
less than 0.29, between 0.29 and 0.4, and more than 0.4, respectively.
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and/or R5. NaCl favors structures in which region R4 is part of
the loop region that connects strands formed by regions R3
and R5see clusters S2, S3, and S4 in Figure 7. These two set
of structures are schematically represented in Figure 8, and
they are consistent with Table 4 wherein the most frequent β-
sheets in the top 5 clusters are found between regions R3−R4
and R4−R5 for inositol and 4AP and between regions R1−R5
and R3−R5 for NaCl. Structures in Figure 8 are also consistent
with antagonistic effects of NaCl and inhibitors in regions R3−
R5 and R4−R5, as discussed with respect to their frequency of
contacts in Figure 5 and hydrogen bond analysis in Figure 6.
Strand−Loop−Strand Conformations. In our simula-

tions, inhibitors promote conformations in which region R4
adopts a strand-like structure that forms β-sheets with regions
R3 and/or R5see Figure 8a. In contrast, NaCl favors
conformations in which region R4 adopts a looplike structure,

which enables the formation of an antiparallel β-sheet between
regions R3 and R5, i.e., strand−loop−strand conformation
see Figure 8b. This is consistent with experimental studies
suggesting that the formation of turns within residues 24−30
(which include most residues of region R4) constitutes an
early folding event of Aβ fibril nucleation.94−96 However, other
studies also indicate that β-turn intermediates close to region
R4 are not strictly required for Aβ fibril formation.97,98

In the strand−loop−strand structures promoted by NaCl,
the close proximity of residues in regions R3 and R5 is
consistent with the proximity of side chains stacked within the
core of an NMR-derived fibril structure of Aβ42, i.e., PDB ID
2BEG.20 This structure is depicted in Figure 8b. Thus, the
strand−loop−strand structure that is promoted in NaCl
(Figure 8b) may constitute an intermediate structure on the
pathway to fibril formation. This process would require the

Figure 7. Representative structures of the five most populated clusters for the different solutions. For each solution, clusters are labeled S1−S5 and
their population in percentage is given within parentheses. A color scheme based on Figure 4 is used: yellow for region R1 (residues 2−6), green for
region 2 (residues 9−14), red for region 3 (residues 16−22), purple for region 4 (residues 26−32), blue for region 5 (residues 38−42), and cyan for
all other residues.

Table 4. Diversity of the β-Sheets Formed in the Top 5 Clustersa

R1−R2 R1−R5 R2−R5 R3−R4 R3−R5 R4−R5
water S1, S3 S1, S2 S3 S5 S2, S4

44% 52% 17% 15% 40%
NaCl S3 S1, S4 S1 S1 S3, S4 S5

18% 43% 24% 24% 37% 17%
inositol S2 S1 S1, S2, S4, S5 S2, S5

20% 29% 81% 35%
4AP S2 S3, S4 S4, S3, S5 S2 S1, S3, S4

27% 33% 45% 27% 61%
aRegions R1−R5 are defined in Figure 4, and clusters S1−S5 are depicted in Figure 7. The percentage of structures in the top 5 clusters with β-
sheets between pairs of regions Ri−Rj is shown.
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two strands to rotate by an angle of 90°, as indicated by arrows
in the figure. The energetic cost of rupturing the intrabackone
hydrogen bonds in the strand−loop−strand structure would be
compensated by the formation of new interpeptide hydrogen
bonds in the fibril state. These strand-rotations could explain
how antiparallel β-sheets formed in the monomeric state of
Aβ42 nucleate into fibrils made of parallel β-sheets, as observed
experimentally.46,47 This mechanism by which fibril nucleation
is preceded by the rotation of strands is known as the Venetian
blind mechanism.13,95

Cluster S4 of the NaCl solution provides an example of the
strand−loop−strand structure wherein regions R3 and R5
from an antiparallel β-sheet and region R4 adopts a loop-like
structure. The population of conformations with similar
structural characteristics in the different solutions is estimated
in Figure 9 wherein we show RMSD distributions of Aβ42
conformations computed with respect to the S4 cluster of
NaCl. The number of conformations with a structure
comparable to the S4 cluster of NaCl, i.e., structures with
RMSD ≤ 0.25 nm, is zero and small for aqueous solutions
containing 4AP and inositol, respectively. In pure water and
NaCl solution, structures that resemble the S4 cluster are more

numerous, as they are represented by small and large peaks in
the RMSD distribution. This leads us to speculate about a
potential mechanism of fibril inhibition which involves
discouraging structures that resemble the S4 cluster in NaCl.

IV. CONCLUSION

Effects of the aqueous solution on the structures sampled by
Aβ42 monomers were studied using all-atom REMD simu-
lations in explicit solvent. Consistent with other studies, we
find that these structures are characterized by a high level of
disorder with β-strands and turns forming along the peptide
sequence.13,41 Interactions between strands lead to the
formation of transient antiparallel β-sheets that account for
structures that are more compact than expected for a
completely disordered protein made of 42 residues.51 In pure
water, most of these β-sheets occur between the central
hydrophobic core and the central hydrophilic core of the
protein as well as within segments of the N-terminus.41,49,52

Inositol and 4AP, which where shown to inhibit fibril
formation in experiments, bind strongly to Aβ42 in a
nonspecific manner. However, this does not have a strong
effect on the secondary structure content of Aβ42, except at the
C-terminus, where β-sheets are discouraged in the presence of
inositol, and at the central hydrophilic core, where β-sheets are
favored in the presence of 4APsee Figure 4a,b. Conversely,
NaCl, which promotes fibril formation by reducing the lag
phase in experiments, favors the formation of β-sheets at the
N- and C-terminus while inhibiting β-sheets at the central
hydrophilic coresee Figure 4a,b. This highlights antagonistic
effects of NaCl and inhibitors on the structure of the C-
terminus and central hydrophilic core. The C-terminus is less
rigid in solutions containing NaClsee Figure 4c. Moreover,
NaCl and inhibitors promote binding of the C-terminus to
different residues of Aβ42. In NaCl, conformations in which the
end of the C-terminus binds more frequently to the central
hydrophobic core of the protein (region R3) are sampled more
frequently compared to simulations performed in pure water
see Figure 8b. In inositol and 4AP solutions, the C-terminus
binds less frequently to the central hydrophobic core and more
frequently to the central hydrophilic core (region R4)see
Figure 8a. These results suggest a prominent role of the C-
terminus in initiating aggregation which is supported by the
increased rate of aggregation of Aβ42 compared to Aβ
sequences with a shorter C-terminus.10,34 This is also
supported by biochemical experiments in which mutations of
the C-terminus with poly-Q sequences were used to unravel
the amyloidogenic potential of Aβ.99

In agreement with other computational studies, strands
forming β-sheets in our simulations are linked to each other by
a loop.44 These strand−loop−strand structures have been
shown to facilitate peptide addition to fibrils in coarse-grained
models,100 and they were proposed to be intermediate
conformations on the pathway to fibril formation.44 We
show that the hydrogen bond registry of these structures is
different in NaCl solution wherein side chains that form the
hydrophobic core of the 2BEG fibril structure are in close
proximity. The existence of such structures can facilitate fibril
nucleation via a Venetian blind mechanism whereby strand
rotation can lead to the formation of interpeptide hydrogen
bonds seen in the 2BEG fibrilsee Figure 8b. These strand−
loop−strand structures are sampled in NaCl and pure water
solutions but not in inositol and 4AP solutions.

Figure 8. Schematic representations of strand−loop−strand struc-
tures that are promoted by (a) inhibitors and (b) NaCl. Red, purple,
and blue colors are used to represent the central hydrophobic core
(region R3), the central hydrophilic core (region R4), and the end of
the C-terminus (region R5), respectively. The Venetian blind
mechanism that may account for the nucleation of the 2BEG fibrils
requires rotation of red and blue strands in panel b, as shown by black
curved arrows.

Figure 9. RMSD distributions of Aβ42 conformations in the
production run computed with respect to the S4 cluster of NaCl.
The RMSD is computed for Cα atoms of residues in regions R3 and
R5. Representative structures with RMSD ≤ 0.25 nm for NaCl and
pure water solutions are shown.
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Despite the insights brought up by our study, its limitations
should also be noted. We have chosen the AMBER99SB-ILDN
force field and the TIP3P water model to carry out our
simulations because of their proven record in reproducing
several experimental quantities of proteins.82,83 For the Aβ
protein, this force field was shown to reproduce J-coupling
coefficients obtained using NMR experiments.13,41,51 This
analysis is reproduced in the Supporting Information using
configurations from our simulations showing similar agreement
with experiments (see section S5 and Figure S10). Further
investigations using different force fields are, however,
necessary to provide an understanding of biases introduced
by the different mathematical models. The extensive computa-
tional resources needed for that purpose (more than ∼45 μs
per force field per aqueous solution) have stopped us from
accomplishing this task. In addition, it is also desirable to study
a broader set of small compounds to understand the
universality of strand−loop−strand conformations and identify
other possible structures that may promote Aβ42 aggregation.
In this study, we have focused our attention on three molecules
for which experimental evidence was available.8,15,17,72,101 At
last, we anticipate that faster computers will enable equilibrium
conformations of Aβ aggregates to be studied in the near
future.50 This will allow strand−loop−strand structures in
aggregates to be identified and compared to the ones
pinpointed in this study as well as conformational changes
leading to amyloid fibril formations, e.g., the Venetian blind
mechanism.
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