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ABSTRACT: Structural differences between the intrinsically
disordered fibrillogenic wild-type Aβ40 and Aβ42 peptides are
linked to Alzheimer’s disease. Recently, the E22Δ genetic
missense mutation was detected in patients exhibiting
Alzheimer’s-disease type dementia. However, detailed knowl-
edge about the E22Δ mutant-type Aβ40 and Aβ42 alloform
structures as well as the differences from the wild-type Aβ40
and Aβ42 alloform structures is currently lacking. In this study,
we present the structures of the E22Δ mutant-type Aβ40 and
Aβ42 alloforms as well as the impact of E22Δ mutation on the wild-type Aβ40 and Aβ42 alloform structures. For this purpose,
we performed extensive microsecond-time scale parallel tempering molecular dynamics simulations coupled with thermodynamic
calculations. For studying the residual secondary structure component transition stabilities, we developed and applied a new
theoretical strategy in our studies. We find that the E22Δ mutant-type Aβ40 might have a higher tendency toward aggregation
due to more abundant β-sheet formation in the C-terminal region in comparison to the E22Δ mutant-type Aβ42 peptide. More
abundant α-helix is formed in the mid-domain regions of the E22Δ mutant-type Aβ alloforms rather than in their wild-type
forms. The turn structure at Ala21-Ala30 of the wild-type Aβ, which has been linked to the aggregation process, is less abundant
upon E22Δ mutation of both Aβ alloforms. Intramolecular interactions between the N-terminal and central hydrophobic core
(CHC), N- and C-terminal, and CHC and C-terminal regions are less abundant or disappear in the E22Δ mutant-type Aβ
alloform structures. The thermodynamic trends indicate that the wild-type Aβ42 tends to aggregate more than the wild-type
Aβ40 peptide, which is in agreement with experiments. However, this trend is vice versa for the E22Δ mutant-type alloforms.
The structural properties of the E22Δ mutant-type Aβ40 and Aβ42 peptides reported herein may prove useful for the
development of new drugs to block the formation of toxic E22Δ mutant-type oligomers by either stabilizing helical or
destabilizing β-sheet structure in the C-terminal region of these two mutant alloforms.
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Proteolytic cleavage of the intrinsically disordered fibrillo-
genic amyloid-β precursor protein (APP) protein produces

the 39−43 residue amyloid-β (Aβ) peptide, which is at the
center of severe diseases including Alzheimer’s disease.1−3 Out
of these Aβ alloforms, Aβ40 and Aβ42 have been identified as
the most dominant and toxic fragments, respectively.4−7

Genetically inherited forms of Alzheimer’s disease are
characterized by an early onset of Alzheimer’s disease
symptoms and can result from mutations of APP.8,9 Several
of the genetic missense mutations of APP are associated with
familial Alzheimer’s disease in which a single amino acid residue
is affected in the sequence of Aβ.10−13 Most recently, a genetic
missense mutation that results in the deletion of the Glu22
residue (E22Δ, Osaka) of Aβ was reported in patients from a
Japanese family exhibiting Alzheimer’s-type dementia.14 Even
though the alloform specific differences in the toxicity for the
wild-type Aβ40 and Aβ42 have recently been estab-
lished,5−7,15−20 these differences are debated in the current
literature for the E22Δ mutant-type Aβ40 and Aβ42 allo-

forms.14,21−24 Furthermore, the impact of the E22Δ mutation
on the structures of the wild-type Aβ40 and Aβ42 peptides is
poorly understood. For instance, Takuma et al. reported that
wild-type Aβ42 is more toxic to mouse and human neuro-
blastoma cells than E22Δ mutant-type Aβ42 based on 3-(4,5-
dimethylthiazo-2yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay measurements.21 Ovchinnikova et al. showed similar
findings using a lactate dehydrogenase (LDH) assay and have
also proposed that Aβ40 neurotoxicity increases upon E22Δ
mutation.22 In contrast, Suzuki et al. reported that neither
E22Δ mutant-type Aβ40 nor E22Δ mutant-type Aβ42 displays
increased neurotoxicity for primary rat cortical neurons utilizing
MTT and LDH assays in their experiments.23 On the other
hand, several experiments presented that the E22Δ mutation of
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Aβ inhibits the synaptic function of neurons.14,21,23,24

Interestingly, Suzuki et al. proposed that the E22Δ mutant-
type Aβ42 inhibits synaptic function more than the E22Δ
mutant-type Aβ40 peptide.23 Moreover, the E22Δ mutation
was shown to promote oligomerization but not fibrillization of
both Aβ alloforms based on thioflavin T (ThT) fluorescence
and Western blotting experiments as well as Pittsburgh
compound B positron emission topography scans of affected
patients.14 On the other hand, several other studies have
reported that the E22Δ mutation significantly enhances the rate
of fibrillization of Aβ based on ThT fluorescence and electron
microscopy measurements.22,23,25−27 Poduslo et al. reported
that E22Δ mutant-type Aβ40 forms fibrils faster than E22Δ
mutant-type Aβ42 based on time dependent electron
microscopy measurements.26 Despite this, ThT fluorescence
and electron microscopy experiments by other groups
presented that E22Δ mutant-type Aβ42 aggregates more
rapidly than E22Δ mutant-type Aβ40.22,23,25 In addition,
various electron microscopy studies reported different
structures for the E22Δ mutant-type Aβ fibrils. For example,
Inayathullah and Teplow reported unbranched fibril structures
for both the wild-type and E22Δ mutant-type Aβ alloforms
with a few twisted or curved E22Δ mutant-type Aβ40 fibrils.25

However, Ovchinnikova et al. proposed that E22Δ mutant-type
Aβ40 forms fibrillar bundles instead of distinct fibrils whereas
the wild-type Aβ40 forms straight fibrils with some small
bundles present and the wild- and E22Δ mutant-type Aβ42
peptides adopt discrete twisted fibrils.22 Parallel to these
findings, Meredith and co-workers presented large fibrillar
bundle formations of the E22Δ mutant-type Aβ40 structures.27

Experiments using conventional tools face numerous
challenges associated with rapid conformational changes, fast
aggregation kinetics, and solvent effects. These challenges
might be a reason for the existing debate about the toxicity and
structural properties of the E22Δ mutant-type Aβ40 and Aβ42
peptides in the current literature. Theoretical studies can
complement experiments by providing molecular level knowl-
edge. Recently, we reported with Murray and co-workers the
structural and thermodynamic differences between the wild-
type, methionine oxidized, and E22Δ mutant-type Aβ42
peptides that occur in the presence and absence of sodium
dodecyl sulfate (SDS).28 To the best of our knowledge, a study
that investigates the structural properties of the monomeric
E22Δ mutant-type Aβ40 and Aβ42 peptides, and compares
these properties to those of the full-length wild-type Aβ40 and
Aβ42 in an aqueous solution environment has not yet been
performed. In this study, we present the dynamic changes in
the structural and thermodynamic properties of the E22Δ
mutant-type Aβ40 and Aβ42 alloforms in an aqueous solution.
Moreover, we present the impact of E22Δ mutation on the
structures of the wild-type Aβ40 and Aβ42 alloforms in an
aqueous solution environment. Furthermore, we also apply a
new method that we developed, which enables the determi-
nation of secondary structure component conversions at the
atomic level with dynamics. For these purposes, we performed
extensive parallel tempering molecular dynamics simulations
coupled with thermodynamic calculations. The changes in the
enthalpic and entropic contributions to the conformational
Gibbs free energies are provided for the E22Δ mutant-type as
well as the wild-type Aβ40 and Aβ42 alloforms, and these
properties are compared to one another. The secondary and
tertiary structural properties of the E22Δ mutant-type Aβ40
and Aβ42 are determined and compared to those calculated for

the wild-type Aβ40 and Aβ42 peptides. Given that the
formation of specific secondary structures, such as β-sheet,
are directly linked to the aggregation mechanism and toxicity of
Aβ, the secondary structure transition stabilities become a
crucial component in these investigations.18,29−31 For gaining
more detailed insights into the dynamic secondary structure
properties of proteins, we apply a new theoretical strategy that
we developed to calculate the transition stabilities between two
different residual secondary structure components. This
method provides an understanding of the residual secondary
structure conversion stabilities in the structures of the wild- and
E22Δ mutant-type Aβ40 and Aβ42 alloforms. Our results
clearly demonstrate that the E22Δ mutation impacts the
structural and thermodynamic properties of the wild-type Aβ40
and Aβ42 peptides at the monomeric level in an aqueous
solution environment.

■ RESULTS AND DISCUSSION
The secondary structure formations, such as α-helix and β-
sheet, are crucial in the studies of intrinsically disordered
fibrillogenic protein structures at the center of neurodegener-
ative diseases due to their roles in the aggregation processes
and toxicity.18,29−31 We investigated the secondary structure
properties using a widely utilized software package, DSSP,32 as
well as our own new code implemented in our ProtMet
software package that allows the determination of the
secondary structure transition stabilities (see Methods and
Supporting Information). Based on our calculations, the most
abundant residual secondary structures are the coil and turn
conformations in all wild- and mutant-type peptides (Figure 1).
The average overall abundances of α-helix in the N-terminal
region (Asp1-Lys16) of the wild-type Aβ40 and Aβ42 and the
E22Δ mutant-type Aβ42 peptides are similar (17% and 19%).
However, the overall α-helical structure abundance is larger
(30%) in the same region of the E22Δ mutant-type Aβ40,
indicating that E22Δ mutation increases α-helix prominence in
the N-terminal region of Aβ40 (Figure 1A). Specifically, Arg5-
Asp7 and Tyr10-Lys16 in Aβ40 show an increase upon E22Δ
mutation (up to 36%). Using specific residual analysis, we
detect that Phe4-Asp7 of Aβ42 adopts less abundant α-helix
(≤19%) upon E22Δ mutation while an increase in α-helix
prominence (up to 21%) is observed for Ser8-Lys16 (Figure
1B). The overall β-sheet contents in the N-terminal regions of
the wild- and E22Δ mutant-type Aβ42 are small (0.4−0.9%).
The wild-type Aβ40 presents slightly larger overall β-sheet
content in the N-terminal region (2.3%) which disappears upon
E22Δ mutation (Figure 1A), indicating that the oligomerization
and fibrillization process involving the β-sheet forming residues
located in the N-terminal region of Aβ40 is less likely in the
E22Δ mutant-type Aβ40 peptide in comparison to its wild-type
form (Figure 1A). Regarding the formation of the turn
structure differences, the largest discrepancies occur at His14-
Lys16 of Aβ40 (with a decrease up to 29%) and at Arg5-Val12
of Aβ42 (with a decrease up to 35%) upon E22Δ mutation
(Figure 1B).
The overall α-helix abundance is 9.5% and 12.7% larger in

the mid-domain region (Leu17-Ala30) of the E22Δ mutant-
type Aβ40 and Aβ42 in comparison to the wild-type Aβ40 and
Aβ42, respectively (Figure 1). Specifically, Leu17-Phe19, Ala21,
and Asp23-Lys28 adopt more prominent α-helix (up to 9%) in
the structures of E22Δ mutant-type Aβ40 in comparison to the
wild-type Aβ40 peptide (Figure 1A). The same residues and
additionally Phe20 form more prominent α-helix (up to 28%)
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in the structures of Aβ42 upon E22Δ mutation (Figure 1B).
The same region presents a slight decrease of β-sheet
prominence in the structures of the E22Δ mutant-type Aβ40
(2.0%) and Aβ42 (4.9%) in comparison to their wild-type
forms (Figure 1). Namely, Leu17, Phe19-Ala21, and Gly25-
Lys28 adopt less prominent β-sheet in the structures of Aβ40
and Aβ42 upon E22Δ mutation. Interestingly, the overall turn
structure abundance decreases by 6.4% and 7.3% in the
structures of E22Δ mutant-type Aβ40 and Aβ42 in comparison
to the wild-type Aβ40 and Aβ42 peptides, respectively. The
turn structure formation in the Ala21-Ala30 region has been
related to the distinct structuring of the disordered protein as
well as to its aggregation mechanism and toxicity.15,19,33−39 We
find that Ala21-Ser26 and Ala30 of E22Δ mutant-type Aβ40
and Ala21-Gly25 and Lys28 of E22Δ mutant-type Aβ42 adopt
less abundant turn structure by 12−34% and up to 58% in
comparison to their wild-type forms, respectively. These results
might indicate that Ala21-Ala30 is less reactive toward

aggregation in the structures of the E22Δ mutant-type Aβ40
and Aβ42 peptides in comparison to the same region in the
wild-type Aβ40 and Aβ42 peptides. We should mention here
that β-sheet formation in the central hydrophobic core (CHC;
Leu17-Ala21) region decreases its abundance up to 7% and
18% in the structures of Aβ40 and Aβ42 upon E22Δ mutation,
respectively. This finding indicates that the reactivity of the
CHC region toward aggregation is depressed in E22Δ mutant-
type in comparison to the wild-type Aβ alloforms.
For the C-terminal region, we note an interesting trend in

the helix structures; Ile31-Met35 adopt more abundant α-helix
in the structures of the E22Δ mutant-type Aβ40 in comparison
to the same region in its wild-type form, while the opposite
trend is detected for the same residues of the E22Δ mutant-
type and wild-type Aβ42 peptides (Figure 1B). Furthermore,
310-helix formation increases sharply for Ile31-Leu34 in the
structures of the E22Δ mutant-type Aβ40 peptide in
comparison to its wild-type form (Figure 1A). On the other
hand, 310-helix formation is decreased by 11−14% at Ile31-
Gly33 in Aβ42 upon E22Δ mutation (Figure 1B). The β-sheet
formation in the C-terminal region of the E22Δ mutant-type
Aβ42 does not differ significantly from that of the wild-type
Aβ42 that we reported most recently.40 However, Ile31, Met35-
Val39 adopt more abundant β-sheet (up to 12%) in the
structures of the E22Δ mutant-type Aβ40 peptide in
comparison to its wild-type form (Figure 1A). This result
indicates an increased tendency toward aggregation via the C-
terminal region of the E22Δ mutant-type Aβ40 in comparison
to the wild-type Aβ40 peptide. Overall, the calculated
secondary structure properties for the wild-type alloforms, for
which experimental and theoretical data exist, are in excellent
agreement with previously performed studies.15−18,40,41

Figure 2 presents the free energy values for secondary
structure transitions between two different secondary structure
components per residue based on our free energy calculation
method (see the Methods and Supporting Information for
further details). Using these figures, we can identify which
secondary structure component is most likely to result in the
formation of a specific secondary structure of interest. For
example, the secondary structure component before the
formation of β-sheet structure provides insights into the nature
of dynamic β-sheet structure formation pathway, which is
currently in accessible using conventional experimental tools.
Based on these free energy calculations, the most favorable
secondary structure component transition occurs for turn or
helix to coil and turn to helix in the structures of the wild-type
Aβ40 peptide (Figure 2, Aβ40). Regarding the helix formation
in the N-terminal region of Aβ40, turn to helix transition is
most preferred at Glu3-Lys16. We also detect that Phe4, Arg5,
Ser8, and Val12 in the N-terminal region of the wild-type Aβ40
present more stable coil to β-sheet conversion rather than other
possible secondary structure transitions resulting in β-sheet
formation. In addition, turn or helix to β-sheet conversions are
thermodynamically preferred at His13-Lys16 of Aβ40. Interest-
ingly, transitions resulting in the formation of β-sheet structure
in the N-terminal region are less preferred for the E22Δ
mutant-type Aβ40 in comparison to its wild-type form (Figure
2, Aβ40 E22Δ). Furthermore, residues Asn27, Lys28, Met35,
and Val36 possess more stable helix to β-sheet structure
conversion while the opposite trend is observed in the CHC
region upon E22Δ mutation of Aβ40. Gly25 and Ser26 adopt
less favorable β-sheet to turn structure transition in the E22Δ
mutant-type Aβ40 rather than in the wild-type Aβ40 peptide. In

Figure 1. Calculated secondary structure abundances per residue for
the (a) wild-type (black) and E22Δ mutant-type (red) Aβ40 and (b)
wild-type (black) and E22Δ mutant-type (red) Aβ42 peptides in
aqueous solution. The abundances for the π-helix and coil structures
are not displayed.
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comparison to wild-type Aβ40, the wild-type Aβ42 peptide
possesses less preferred β-sheet to helix transition in the CHC
region (Figure 2, Aβ42). Furthermore, parts of the N- and C-
terminal and mid-domain regions of Aβ42 present less stable
coil to β-sheet transitions relative to Aβ40. Instead, Met35-
Ala42 converts from coil to β-sheet more favorably in the
structures of Aβ42 than in Aβ40 (Figure 2). Residues Ile32 and
Val36 present preferred turn or helix to β-sheet transition in the
structures of the wild-type Aβ42 peptide. Differences in the
secondary structure transition stabilities occur between Aβ40
and Aβ42 for conversions resulting in turn structure formation.
For instance, β-sheet or helix to turn transitions in the protease
resistant region are more preferred in Aβ42 rather than in
Aβ40. Both helix to β-sheet and β-sheet to helix are more
favorable at His14-Ala21 for Aβ40 in comparison to the same
region of Aβ42. In comparison to the wild-type Aβ42, more
stable coil to β-sheet conversion exists at Glu3, Val12, and
Ala30-Ile32 and less preferred coil or helix to β-sheet transition

occurs at Phe19-Ala21, Gly25, and Ser26 in the structures of
the E22Δ mutant-type Aβ42 monomer (Figure 2, Aβ42 E22Δ).
Furthermore, coil to turn conversion in parts of the N-terminal
and CHC regions becomes slightly less favorable upon E22Δ
mutation of Aβ42.
Figure 3 depicts the probability of intramolecular interactions

occurring between any two residues of the Aβ protein.
Interactions along the main diagonal in these figures
correspond to the residues that are located adjacent to each
other within the Aβ sequence and thus are expected to be in
contact for all wild-type and E22Δ mutant-type Aβ structures.
However, those intramolecular interactions that occur off of the
main diagonal represent interactions between amino acid
residues that are non-adjacent and therefore are associated
with the overall tertiary structure of the wild- and E22Δ
mutant-type alloforms. Based on these figures, the tertiary
structures of the wild-type alloforms differ from those
calculated for the monomeric E22Δ mutant-type alloforms

Figure 2. Stability of secondary structure transitions between two specific secondary structure components per residue for the wild-type Aβ40
(Aβ40), E22Δ mutant-type Aβ40 (Aβ40 E22Δ), wild-type Aβ42 (Aβ42), and E22Δ mutant-type Aβ42 (Aβ42 E22Δ) peptides in aqueous solution.
The color scale corresponds to the free energy value associated with specific transitions between two secondary structure components for a specific
residue.
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(Figure 3). A comparison between the wild- and E22Δ mutant-
type Aβ40 monomers shows significant differences within the
N-terminal, mid-domain, and C-terminal regions. Furthermore,
we note that various interactions, such as those between the N-
terminal and CHC region, the N- and C-terminal regions, and
CHC region and C-terminal regions, either become less
abundant or disappear upon E22Δ mutation of Aβ40.
Interestingly, the same trend is observed for the interactions
between the N-terminal and CHC regions, N- and C-terminal
regions, mid-domain, and C-terminal regions of the wild-type
Aβ42 peptide in comparison to the E22Δ mutant-type Aβ42
peptide. Additionally, Phe4-His6 interacts less abundantly with
Val12-His14 in the E22Δ mutant-type Aβ42 than in the E22Δ
mutant-type Aβ40 peptide structures. However, the vice versa
trend is obtained for interactions between Leu17-Ala21 and
Ala30-Leu34 in the E22Δ mutant-type Aβ alloforms. The N-
and C-terminal regions (Phe4-Gly9 with Val36-Val40) interact
in the structures of the E22Δ mutant-type Aβ40 peptide but
not in the E22Δ mutant-type Aβ42 peptide structures. Overall,
these findings suggest that the E22Δ mutant-type Aβ alloforms
possess less compact structures in comparison to their wild-
type forms in aqueous solution. Furthermore, the E22Δ
mutant-type Aβ42 structures are slightly less compact than
those of the E22Δ mutant-type Aβ40 peptide. The calculated
tertiary structures for the wild-type Aβ alloforms are in
excellent agreement with previous theoretical and experimental
studies.15,17−19,42,43

We reported recently that Arg5 forms stable salt bridges with
various residues located in the N-terminal, mid-domain, and C-
terminal regions of the wild-type Aβ42 peptide.40 This study
shows that Arg5 also forms prominent salt bridges with Asp1,
Glu11, Glu22, and Val40 in the structures of the wild-type
Aβ40 peptide (Table 1). Interestingly, the salt bridges formed
by Arg5 with Asp1, Glu11, Glu22, or Val40 decrease by 5−18%
for the E22Δ mutant-type Aβ40 in comparison to the wild-type
Aβ40. Moreover, salt bridge abundances between Lys16 and
Glu3, Asp7, Glu11, Glu22, or Val40 decrease up to 30% upon
E22Δ mutation of Aβ40. Similarly, the abundance of the salt
bridges formed between Arg5 and Asp1, Asp23, or Ala42 is
smaller in the E22Δ mutant-type Aβ42 structures in
comparison to those of the wild-type Aβ42 peptide. The salt
bridge between Asp23 and Lys28 is slightly more stable in the
structures of Aβ40 rather than those of Aβ42, which is in
agreement with previous studies.15,17,43 Interestingly, this trend
is inversed for the E22Δ mutant-type alloforms. We also
calculated the salt bridge stability distribution between Asp23
and Lys28 (Figure 4) via comparing the distributions of the
distances between the Cγ (Asp23) and Nζ (Lys28) atoms. At a
distance of 4.0 Å between the Cγ and Nζ atoms, the Asp23 and
Lys28 salt bridge is more stable in the E22Δ mutant-type
alloforms in comparison to their wild type forms. However, the
salt bridge between Asp23 and Lys28 is more stable in the
E22Δ mutant-type Aβ42 than the E22Δ mutant-type Aβ40
peptide.

Figure 3. Calculated intramolecular interactions of the wild-type Aβ40 (Aβ40), E22Δ mutant-type Aβ40 (Aβ40 E22Δ), wild-type Aβ42 (Aβ42), and
E22Δ mutant-type Aβ42 (Aβ42 E22Δ). The color scale corresponds to the probability (P) of the distance between the centers of mass between two
residues being ≤9 Å from each other.
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The calculated conformational Gibbs free energies using
harmonic and quasi-harmonic methods are listed along with the
enthalpy and entropy values in Table 2. The same trends are
observed using either a harmonic or a quasi-harmonic method
in our simulations. Namely, the structures of the wild-type
Aβ42 are less stable than those of the wild-type Aβ40 peptide in
an aqueous solution environment. These conformational Gibbs
free energies support previous studies that reported a higher
tendency toward aggregation for the wild-type Aβ42 rather
than the wild-type Aβ40.44−47 Both E22Δ mutant-type
alloforms are less stable than their wild-type forms but the
trend between the two different alloforms is inversed upon
E22Δ mutation. Specifically, the E22Δ mutant-type Aβ42
structures are more stable than those of the E22Δ mutant-type
Aβ40. Based on these findings, the E22Δ mutant-type Aβ40 has
a slightly larger tendency toward aggregation in comparison to
the E22Δ mutant-type Aβ42 peptide in an aqueous solution
environment. When we analyze these thermodynamic results
along with the structural properties that we report above, we
obtain interesting insights into the structure and function
relationships of the wild- and mutant-type Aβ peptides. The
free energy landscapes of all wild-type and mutant-type
peptides based on their end-to-end (RE‑E) distance and radius
of gyration (Rg) distributions were calculated (Figure 5). These
free energy landscapes identify the conformational preferences
of the wild-type and E22Δ mutant-type Aβ40 and Aβ42
structures in aqueous solution based on their Rg and RE‑E values.
The most favorable or most preferred structures occur in the
regions with the lowest change in potential of mean force
(PMF) values. These preferred structures are localized to
specific regions, which are termed basins. As described in one of
our recent studies of the wild-type Aβ42 peptide,40 there are
two most preferred PMF basins (Figure 5, Aβ42; basins IA and
IB) and transitions between basins IA and IB require overriding

of large energy barriers that are larger than 1 kBT. We find a
similar trend for the wild-type Aβ40 peptide. Specifically, the
most preferred basins are located at Rg values varying between 9
and 11.4 Å (basin IA) and 9.1 and 13.2 Å (basin IB) with
corresponding RE‑E values of 9.9−17.5 Å (basin IA) and 17.6
−34.8 Å (basin IB) for Aβ40 (Figure 5, Aβ40). For the E22Δ
mutant-type Aβ42 peptide, we detect only one most favorable
basin (Figure 5, Aβ42 E22Δ; Rg = 10−11 Å; RE‑E = 12.7−16.9
Å). However, E22Δ mutant-type Aβ40 adopts two most
preferred basins with similar PMF values basin IA (Figure 5,
Aβ40 E22Δ; Rg = 10.2−10.8 Å; RE‑E = 10.0−17.0 Å) and basin
IB (Rg = 9.8−11.8 Å; RE‑E = 17.5−22.0 Å), but transitioning
between basins IA to IB or vice versa does not require
overriding large energy barriers (<1 kBT). The secondary and
tertiary structure properties belonging to these specific basins
are analyzed to understand the trends along the free energy
surface and are presented in the Supporting Information.
Overall, the conformational Gibbs free energies using

harmonic and quasi-harmonic methods show that the aqueous
E22Δ mutant-type Aβ40 structures are slightly less stable than
the aqueous E22Δ mutant-type Aβ42 conformations. Our
findings support experiments that proposed a higher tendency
toward aggregation for E22Δ mutant-type Aβ40 rather than for
the E22Δ mutant-type Aβ42 peptide.26 The structural
properties of the wild- and E22Δ mutant-type alloforms differ
starkly from each other. For instance, the α-helix content in the
N-terminal region of E22Δ mutant-type Aβ40 is larger than
that of the other three peptides. In comparison to the wild-type

Table 1. Formed Salt Bridges of the Wild-Type and E22Δ
Mutant-Type Aβ40 and Aβ42 Peptidesa

R(Cγ−Nζ) ≤ 4 Å (%)

donor acceptor Aβ40 Aβ40 ΔE22 Aβ42 Aβ42 ΔE22

Arg5 Glu3 100.0 100.0 100.0 100.0
Arg5 Glu22 70.1 10.3
Arg5 Asp1 43.9 26.3 31.2 19.1
Lys16 Val40/Ala42

(−COO−)
36.8 5.3 2.2 0.8

Arg5 Glu11 32.9 68.5 65.5 39.0
Arg5 Val40/Ala42

(−COO−)
30.3 60.8 31.8 20.6

Lys16 Glu11 17.3 4.2 2.4 2.6
Lys28 Glu22 11.4 - 3.1 -
Lys28 Val40/Ala42

(−COO−)
6.5 0.9 3.4 2.9

Lys28 Asp23 4.0 6.8 1.6 8.1
Lys16 Glu22 3.8 - 4.5 -
Arg5 Asp7 1.7 3.6 0.2 7.4
Lys16 Asp7 0.1 10.5 0.8 6.2
Lys16 Glu3 0.0 3.0 0.0 0.2
Asp1
(−NH3

+)
Glu3 0.6 2.0 0.1 0.6

Arg5 Asp23 0.0 0.5 27.9 0.7
Lys28 Glu11 0.0 0.0 0.0 1.8
Lys16 Asp23 0.1 0.1 1.4 0.2
aR(Cγ−Nζ) is the distance between carboxylate C atom (Cγ) and the
side-chain or N-terminus N atom (Nζ).

Figure 4. Calculated probability distribution of the distance between
the Cγ atom of the Asp23 residue and the Nζ atom of the Lys28
residue for all converged structures of the (a) Aβ40 and (b) Aβ42
wild-type (black) and E22Δ mutant-type (red) peptides.
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Aβ40 peptide, the β-sheet content disappears in the N-terminal
region of the E22Δ mutant-type Aβ40 peptide. Interestingly,
more abundant α-helix is formed while the β-sheet prominence
decreases in the mid-domain regions of the E22Δ mutant-type
Aβ40 and Aβ42 peptides rather than in the same region of their
wild-type forms. The turn structure formation in the Ala21-
Ala30 region of the wild-type Aβ peptide, which is linked to the
aggregation process, is less abundant in the structures of the
E22Δ mutant-type Aβ40 and Aβ42 peptides in an aqueous
solution environment. On the other hand, α-helix and 310-helix
abundances are larger in the C-terminal regions of the E22Δ
mutant-type Aβ40 and Aβ42 peptides rather than the wild-type
peptides. No stark differences are detected for the adopted β-
sheet abundances in the C-terminal regions upon E22Δ
mutation of Aβ42. β-Sheet content is larger at Ile31 and
Met35-Val39 in the C-terminal region of the E22Δ mutant-type
Aβ40 rather than in the same region of the wild-type Aβ42
peptide.
The thermodynamic stabilities of secondary structure

component transitions at the atomic level with dynamics have
been addressed for the first time in this work. We find that β-
sheet to turn or helix transitions are more favorable at Ala21-
Ala30 of the wild-type Aβ42 in comparison to the wild-type
Aβ40 peptide. Both the helix to β-sheet and β-sheet to helix
transitions are more preferred at His14-Ala21 in the structures
of the wild-type Aβ40 in comparison to those in the
conformations of the wild-type Aβ42. The coil to β-sheet as
well as helix to β-sheet conversions are less favorable at Phe19-
Ala21, Gly25, and Ser26 in the structures of the E22Δ mutant-
type Aβ42 rather than those of the wild-type Aβ42 peptide.
Moreover, less preferred coil to turn transitions exist in the N-
terminal and CHC regions of the E22Δ mutant-type Aβ42
rather than in the structures of the wild-type Aβ42 peptide.
Stark differences in the tertiary structure properties occur
between the E22Δ mutant-type A40 and Aβ42 peptides and
their wild-type forms. For instance, intramolecular interactions
between the N-terminal and CHC, N-and C-terminal, or CHC
and C-terminal regions that occur in the wild-type Aβ alloforms
are either less abundant or disappear in the structures of the
E22Δ mutant-type Aβ40 and Aβ42 alloforms. In addition, we
detect less abundant intramolecular interactions between the C-
terminal and mid-domain regions in the upon E22Δ mutation
of structures of Aβ42 in an aqueous solution environment.
Moreover, salt bridge stabilities are lower in the structures of
the E22Δ mutant-type Aβ40 and Aβ42 rather than those of the
wild-type Aβ alloforms. The stability of the salt bridge between
the residues Asp23 and Lys28 has been directly related to the
turn structure formation in the Ala21-Ala30 region of the wild-
type Aβ peptide,15,17,43,48 and we detect that the stability of this
salt bridge is larger in the structures of the wild-type Aβ40 in
comparison to the wild-type Aβ42. Interestingly, this trend is
vice versa in the structures of the E22Δ mutant-type Aβ40 and
Aβ42 alloforms. Additionally, we find that the free energy

landscapes of the E22Δ mutant-type Aβ40 and Aβ42 peptides
based on their radius of gyration and end-to-end distances differ
from those calculated for the wild-type Aβ40 and Aβ42
alloforms.
In agreement with previous experimental and theoretical

studies,15,17−19,43 we detect that the β-sheet abundance in the
C-terminal region of the wild-type Aβ42 is larger than that in
the structures of the wild-type Aβ40 peptide. Surprisingly, we
find that this trend is different in the structures of the E22Δ
mutant-type Aβ40 and Aβ42 alloforms; the β-sheet abundance
is larger in the C-terminal region of the E22Δ mutant-type
Aβ40 rather than in its wild-type form. However, we cannot
detect a significant difference between the β-sheet abundances
in the C-terminal regions of the wild- and E22Δ mutant-type
Aβ42 peptides. In other words, these findings indicate that the
tendency toward oligomerization, fibrillization and aggregation
might be larger for the E22Δ mutant-type Aβ40 peptide in
comparison to its wild-type form via the participation of β-sheet
forming residues in the C-terminal region. On the other hand,
such a difference for the wild- and E22Δ mutant-type Aβ42
peptides could not be detected. Furthermore, our studies show
that the structures of the wild-type Aβ40 and Aβ42 are more
compact in an aqueous solution environment in comparison to
the conformations of the E22Δ mutant-type Aβ40 and A42
peptides. Our findings indicate that the β-sheet forming
residues in the C-terminal region of the E22Δ mutant-type
Aβ40 and Aβ42 peptides might serve as potential targets for the
development of drugs which either destabilize β-sheet structure
or stabilize helical structure for these residues to possibly inhibit
the formation of toxic oligomeric species.
Previous studies have reported different trends in the effect

of the E22Δ mutation on the toxicity as well as aggregation
rates of the Aβ40 and Aβ42 peptides. In some cases, toxicity is
reported to decrease for the Aβ42 peptide and increase for the
Aβ40 peptide upon E22Δ mutation.21,22 Other experimental
measurements indicate that the E22Δ mutation does not
increase the toxicity of either the Aβ40 or Aβ42 peptides but
instead only inhibits synaptic function more than the wild-type
Aβ alloforms.14,23,24 Moreover, experimental measurements
have reported conflicting trends for the impact of the E22Δ
mutation on the aggregation rates of the Aβ peptide. While
some studies report an increase in oligomerization but not
fibrillization for the E22Δ mutant-type Aβ in comparison to the
wild-type, other studies do report that the rate of fibrillization is
increased upon E22Δ mutation.14,22,23,25−27 Furthermore, some
studies have reported that Aβ40 aggregates faster than Aβ42
upon E22Δ mutation, whereas other studies report an opposite
trend.22,23,25,26 Based on the structural and thermodynamic
properties reported above, this study indicates that the
aggregation rate of the Aβ40 peptide would increase upon
E22Δ mutation but this effect would be much less prominent
for the Aβ42 peptide upon E22Δ mutation. In addition,
increased assembly rate is reported to be related to increased

Table 2. Calculated Mean Values of Potential Energy (E), Solvation Free Energy (Gsol.), Enthalpy (H), Entropy (TS), and Gibbs
Free Energy (G) for the Wild-Type and ΔE22 Mutant-Type Aβ40 and Aβ42 Peptides Using the Normal Mode Analysis (SNMA)
and Schlitter (SQM) Methods to Calculate the Entropic Contribution to G

⟨Etotal⟩ ⟨Gsol⟩ ⟨H⟩ −T⟨SNMA⟩ −T⟨SQH⟩ ⟨GNMA⟩ ⟨GQH⟩

Aβ40 −780.5 (±180.2) −2007.7 (±125.9) −2788.2 (±55.6) −2114.4 (±9.9) −5334.3 (±78.2) −4902.5 (±45.9) −8361.5 (±95.9)
Aβ42 −175.4 (±44.6) −2404.5 (±27.3) −2579.9 (±24.2) −2206.6 (±4.1) −5781.3 (±131.3) −4786.5 (±20.3) −8122.2 (±93.5)
E22Δ Aβ40 −203.7 (±93.7) −1999.0 (±71.5) −2202.7 (±41.0) −2177.7 (±10.5) −5810.1 (±123.3) −4380.4 (±30.7) −7821.8 (±99.9)
E22Δ Aβ42 −598.1 (±112.7) −1856.9 (±76.3) −2454.9 (±38.3) −2072.9 (±8.7) −5367.0 (±86.6) −4526.6 (±30.5) −8012.7 (±94.7)
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Figure 5. Change in the potential of mean force (ΔPMF) of the wild-type Aβ40 (Aβ40), E22Δ mutant-type Aβ40 (Aβ40 E22Δ), wild-type Aβ42
(Aβ42), and E22Δ mutant-type Aβ42 (Aβ42 E22Δ) peptides along the coordinates of radius of gyration (Rg) and end-to-end distance (RE‑E) in units
of kJ mol−1. Structures with representative tertiary and secondary structure characteristics of the most favorable PMF basins (basin IA and IB) for
each of the wild- and E22Δ mutant-type Aβ peptides are displayed next to the PMF surface. The secondary structure components of each peptide
structure are displayed by the color of the peptide backbone: α-helix (blue), 310-helix (gray), π-helix (purple), β-sheet (red), β-bridge (black), turn
(yellow), and coil (white).
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neurotoxicity for the wild-type Aβ40 and Aβ42 peptides.20

Therefore, our results also indicate that the E22Δ Aβ40 peptide
is more toxic than the wild-type Aβ40 and the E22Δ mutant-
type Aβ42 peptide.

■ METHODS
All-atom replica exchange molecular dynamics (REMD) simulations49

of the wild-type as well as E22Δ mutant-type Aβ40 and Aβ42
monomers in an aqueous solution environment were performed with
the AMBER11 software package.50 Following our recent studies, the
initial structure of the wild-type Aβ42 monomer was taken from NMR
measurements.51 The E22Δ mutant-type Aβ42 initial structure was
created by removing the Glu22 amino acid and connecting residues
Ala21 and Asp23. Removing the last two residues (Ile41 and Ala42)
from the wild- and E22Δ mutant-type Aβ42 resulted in the initial
geometries of the wild- and E22Δ mutant-type Aβ40, respectively. The
REMD simulations were performed utilizing the Amber ff99SB
potential function52 and Onufriev−Bashford−Case generalized Born
implicit solvent model53 for the protein and solution environment,
respectively. As explained and demonstrated before,40,54 an implicit
solvent model was chosen to avoid configurational sampling
limitations due to confined aqueous volume effects and inaccuracies
in the specific heat of constant volume REMD simulations with explicit
water reported by Parrinello and co-workers.55 Langevin dynamics
with a collision frequency of 2 ps−1 was used to control the
temperature.56 Particle mesh Ewald method was utilized to treat the
long-range interactions with a cutoff value of 25 Å.56,57 The
temperatures of each replica for each peptide were exponentially
distributed between 280 and 400 K, yielding exchange ratios of
approximately 0.74 for all four Aβ peptides.58 After energy
minimization of the initial structures with the steepest descent
method, the initial conformations of all peptides were equilibrated for
200 ps for each replica. Each system was then simulated using an
integration time step of 2 fs for each replica, and trajectories were
saved every 500 steps. Exchanges between replicas were attempted
every 5 ps for each system. Each system was simulated for 100 ns for
each replica (for each peptide) with a total simulation time of 2.4 μs.
The convergence of each REMD simulation was verified by

calculating the time-dependent secondary structure abundances for all
four Aβ peptides (see the Supporting Information). These results
show that a simulation time of 60 ns is required to reach convergence.
The structural and thermodynamic properties were then calculated for
the structures of the wild-type and E22Δ mutant-type Aβ40 and Aβ42
peptides obtained after convergence from the replica closest to
physiological temperature (310 K). The conformational Gibbs free
energy (G) values of the simulated structures were approximated using
the Molecular Mechanics/Generalized Born Surface Area method to
assess the conformational preferences of each peptide.59 The entropy
was calculated using both the normal-mode analysis (NMA)60 and the
Schlitter methods61,62 to assess the impact of harmonic and quasi-
harmonic effects on the solute entropy. Following our previous work,40

intramolecular peptide interactions occur when the centers of mass of
two residues were within 9.0 Å from each other. In addition, an
interaction is considered to be a salt bridge if a hydrogen bond exists
between the two residues and the hydrogen bonded residues have
opposite electrostatic charges.40 For this study, if the distance between
the donor and acceptor atoms of the hydrogen bond is ≤2.5 Å and the
hydrogen bond angle is larger than 113°, then a hydrogen bond exists.
To gain detailed insights into the secondary structure transitions of the
Aβ peptides, we developed a new theoretical strategy. This new
theoretical strategy is implemented in our recently developed ProtMet
software. In this study, we used ProtMet to calculate the stability of
secondary structure transitions between two different secondary
structure components per residue in the conformations of the wild-
type and E22Δ mutant-type Aβ proteins. See the Supporting
Information for details. The convergence of the PMF and free energy
values were validated following our recent studies.40,54
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