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The main pathogenic event in Alzheimer’s disease is believed to be the aggregation of the amyloid
b-peptides into toxic aggregates. In a previous work we designed a mimetic peptide possessing a
significant aggregation modulating effect by means of a molecular modeling study, using a pentameric
model as a molecular target. Considerable experimental evidence indicates that oligomers as small as
dimers have been involved in this disease. Therefore, an alternative therapeutic strategy might be to
block the oligomerization at a monomeric level. To this end, using an Ab42 monomeric model, we
explored the capacity and mechanism of our mimetic peptides to stabilize the a-helical conformation
while preventing the formation of b-sheet structures. Long time molecular dynamics simulations and
MM–GBSA analysis were coupled to investigate this issue. In addition, a combined ONIOM–QTAIM
analysis was used to identify at a quantum level the most relevant interactions between Ab42 and this
inhibitor. The computational analysis presented here pointed out six important residues of Ab42
(Lys16, Val36, Gly37, Gly38, Val39 and Val40) that strongly interact with our mimetic peptide, providing
clues about the functional groups that might be modified in order to obtain more potent inhibitors.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

In the last couple of decades immeasurable hours of research
and vast amounts of money have been assigned to find a solution
for Alzheimer’s disease (AD) without any satisfactory results. The
main reason for this failure may be to disregard that this type of
dementia has a multifactorial nature such as lifestyle (hyperten-
sion, diabetes, high cholesterol and smoking) and genetic back-
ground of the individual. Nevertheless, it is important to remark
that the main risk factor for most forms of dementia is advanced
age, with prevalence roughly doubling every five years over the
age of 65 [1]. AD is an irreversible, progressive, neurodegenerative
disorder characterized by the patient’s memory loss and impair-
ment of a wide range of cognitive abilities. The main neuropatho-
logical features of the disease are the accumulation of extracellular
plaques composed of the amyloid-b protein (Ab), and intracellular,
hyper-phosphorylated tau forming neurofibrillary tangles and dys-
trophic neuritis [2].

The Ab is derived from the amyloid precursor protein (APP) by a
physiological intracellular processing that requires b- and
c-secretase activities [3]. Many alloforms with amino acid lengths
varying between 39 and 43 are produced. Of these, Ab42 has been
known to aggregate faster, and the assembled oligomers or
protofibrils are more neurotoxic than other Ab segments [4,5].
Genetic, pathologic, and biochemical evidence strongly supports
the hypothesis that small-sized soluble Ab oligomers, rather than
fibrils, are the primary neurotoxic agents in AD [4,6–8]. Thus, much
of the investigation has thereafter shifted from the study of fibril
formation pathways toward the clarification of monomer/oligomer
structural characteristics and their aggregation mechanisms.

We have recently reported the advantages and disadvantages of
using a pentameric Abmodel as a molecular target for the design of
new antiaggregant agents [9]. We have carried out computer sim-
ulations to study the effect of C60 on the structure and stability of a
pentameric construct of Ab units in a previous work [10]. Our
investigation showed that the main effect of C60 was the destabi-
lization of the native protofibril structure. More recently, we
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Fig. 1. Structure of DZK ligand and monomeric Ab42 binding sites for DZK (named
s1, s2 and s3). Compound DZK is shown with different colors depending on its
location at the different sites: yellow, red and green for sites 1, 2 and 3, respectively.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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performed a theoretical and experimental study of a new series of
mimetic peptides possessing a significant Ab antiaggregant/anti-
oligomer effect [11]. These compounds were obtained on the basis
of a molecular modeling study that allowed us to identify alter-
ations in the structure of our Ab42 pentameric model [12] and
quantify their effect as potential inhibitors of Ab aggregation. Mon-
itoring Ab aggregation by thioflavin T fluorescence and transmis-
sion electron microscopy assays revealed that fibril formation is
significantly decreased in the presence of these mimetic peptides.
In addition, dot blot analysis showed a decrease of soluble oligo-
mers strongly associated with cognitive decline in AD [13].

Experimental and theoretical investigations have indicated that
during the aggregation process, the peptides first transform from
their initial random coil or a-helix to b-sheet conformations and
then generate oligomeric species that promote toxicity to nerve
cells [14–18]. Unfortunately, the exact conformational change
and molecular reorganization during this process remain to be
determined. Considering that Ab oligomers as small as dimers have
been involved in AD [7], an alternative therapeutic strategy is to
block oligomerization at the monomer level. With this purpose in
mind, we explored in the present study the ability to and mecha-
nism through which our mimetic peptides stabilize the helix
monomeric conformation while preventing the formation of
b-sheet structures. To this end, we selected the strongest antiag-
gregant compound from the series reported in our previous work
[11] and evaluated its ability to interfere with the aggregation pro-
cess, using an Ab42 monomeric model. In this context, stabilizing
the soluble monomeric form is appealing because it can impede
the formation of small oligomeric species that are recognized as
the origin of neuronal damage.

Over the past few years, a growing number of theoretical stud-
ies have been conducted to analyze the Ab monomer structures
and their aggregation mechanism. Several molecular dynamics
(MD) simulations have already been reported on Ab42 folding in
aqueous solution [19–22]. In particular, replica exchange molecu-
lar dynamics (REMD) simulations, which enhance conformational
sampling, have also been used [23–26]. It is worthy to remark that
dissimilar results are found in many of these studies. These diver-
gent computational conclusions on the nature of the conforma-
tions that characterize the whole ensemble of Ab42 monomer can
be attributed to the effect of the force field and solvation model,
varying extents of sampling, and to the fact that this peptide is
highly disordered in solution [27]. This is the complication of
intrinsically disordered proteins (also known as intrinsically
unstructured), such as the Ab42 peptide considered here, because
these systems do not populate a small number of specific confor-
mations, but rather exist as an ensemble of rapidly interconverting
structures [28]. It has been suggested that these intrinsically disor-
dered proteins may interact with small molecules by means of
specific sequence regions that exhibit specific ‘‘molecular recogni-
tion features” [29,30]. By using MD simulations combined with
fragment-based drug design, it has been demonstrated that the
Ab42 peptide in its monomeric form exhibits small molecule bind-
ing sites identified as binding hot spots [31]. The significance of
these potential binding pockets was performed by docking studies
of two compounds, curcumin and congo red, that have been shown
to interfere the self-assembly of the Ab peptide [32,33]. Another
approach to determine the binding energy hot spots was taken
by Cui et al. [34] who used residue water density and single-
linkage clustering methods to predict hydrophobic regions of pro-
teins putatively involved in binding interactions. Many additional
compounds, such as other small molecules and short peptides,
have been developed to stabilize Ab in an a-helical conformation
to prevent amyloid fibril formation [35–38]. Inhibitors that target
residues involved in aggregation, such as Lys-specific molecular
tweezers, have been shown to stabilize nontoxic Ab oligomers by
binding to Lys residues already in monomeric Ab [39,40]. Although
the discovery of these multiple compounds represents a significant
progress because they can inhibit Ab aggregation, the mechanism
by which these molecules exert their effects remains somewhat
unclear. Such information is crucial to the development of novel
compounds capable of preventing amyloid fibril formation.

In this work, we investigated how a small mimetic peptide (Na,
Ne-Di-Z-L-lysine hydroxysuccinimide ester, DZK) interacts with
monomeric Ab42 and prevents the conformational changes neces-
sary for its assembly into larger sized oligomers (Fig. 1). This study
is proposed based on our results obtained in dotblot analysis, using
the oligomer-specific antibody A11, which showed that DZK pro-
duced an early inhibition on the formation of prefibrillar oligomers
[11]. The molecular mechanism of the inhibition effect of DZK on
the conformational transition of Ab42 was addressed by a series
of long time MD simulations and the MM–GBSA method. In addi-
tion, in order to identify the most relevant interactions between
Ab42 and this mimetic peptide, we performed more accurate quan-
tum mechanical calculations as well as a detailed electronic analy-
sis using the Quantum Theory of Atoms in Molecules (QTAIM)
technique. To this end, we used a reduced model of the binding
complex which was built taking into account the important resi-
dues of Ab42 discriminated according to the free energy decompo-
sition analysis. Similar strategies have been successfully used to
study other biological systems [41–44]. By using this approach,
we presented evidence to understand the inhibition mechanism
of DZK on the conformational transition of Ab42 monomeric model.

2. Computational details

2.1. Model preparation, docking setup and MD simulations

Ab42 monomer coordinates were taken from the Protein Data
Bank (PDB entry 1IYT), which is composed of two helices [helix-1
(residues 8–25) and helix-2 (residues 28–38)] and a turn region
(residues 26–27) linking the helices was used as initial structure
for the MD simulations. The system was soaked in boxes of explicit
water using the TIP3P model [45]. Three independent MD simula-
tions of 50 ns were conducted under different starting velocity dis-
tribution functions. All MD simulations were performed with the
Amber12 software package [46] using periodic boundary condi-
tions and cubic simulation cells. Long-range electrostatic forces



Table 1
Secondary structure analysis for the different monomeric Ab42 systems.a

WT Ab42 DZK-s1-Ab42 DZK-s2-Ab42 DZK-s3-Ab42

Total helixb (%) 18.6 ± 6 28.1 ± 4 27.9 ± 12 38.4 ± 2
b-sheetc (%) 2.4 ± 3 2.9 ± 2 2.2 ± 1 0.5 ± 0.2
Turn (%) 25.9 ± 7 27.4 ± 4 23 ± 2 20.8 ± 1
Random coil (%) 53.1 ± 7 41.6 ± 6 46.9 ± 13 40.3 ± 3

a All entries reflect averages with standar deviations from three MD simulations
in each set.

b Total helix is the sum of a-, 310-, and p-helical content.
c b-sheet content reflects the sum of parallel b-sheet and anti-parallel b-sheet

structures.
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were treated using the particle mesh Ewald method [47]. The
SHAKE algorithm was applied [48] allowing for an integration time
step of 2 fs. MD simulations were carried out at 310 K. The NPT
ensemble was employed using Berendsen coupling to a baro/ther-
mostat (target pressure 1 atm, relaxation time 0.1 ps). Obtained
MD solutions were clustered into families using a root mean
square deviation (RMSD) criterion. Program PTRAJ from the
Amber12 package was employed for this type of clustering [46].
The initial Ab42 structure obtained from the PDB and ten conform-
ers showing the best scores of each clustered family were submit-
ted to a docking study. For DZK ligand, gasteiger charges were
assigned and non-polar hydrogen atoms were merged. All torsions
of the ligand were allowed to rotate during docking. The grid
dimensions were 40 � 40 � 40 points along the x-, y- and z-axes,
with points separated by 1 Å. The grid was chosen to be sufficiently
large to cover the whole system (blind docking method). The value
of exhaustiveness of search was 400 and the number of poses col-
lected was 9. All graphic manipulations and visualizations were
performed by means of the AutoDock Tools 1.5.4 [49] and ligand
docking was carried out via Autodock Vina 1.1.1. [50]. Then, repre-
sentative DZK–Ab42 complexes were submitted to fully atomistic
explicit-solvent MD simulations. The production was carried out
at the NPT ensemble running 20 independent simulations with
length limited to 50 ns. Each individual simulation was started
reading the final coordinates obtained from the docking calcula-
tions but generating random initial velocities at the target temper-
ature (irest = 0, tempi = 310 K) and assigning different random
seeds (ig = �1). Finally, three DZK–Ab42 complexes and the b42
monomer were subjected to three more extended MD simulations
(300 ns each using different starting velocity distribution func-
tions). Secondary structure of the Ab42 monomer was calculated
with the secstruct command using the DSSP method [51]. Spatial
views shown in Figs. 1 and S1 were constructed using the UCSF
Chimera program [52] as a graphic interface.

2.2. Binding free energy calculations/Ab42-residue interaction
decomposition

The interactions between the Ab42 peptide and DZK ligand were
calculated using the MM/GBSA decomposition method imple-
mented in AMBER 12 [46]. The interaction between Ab peptide–
residue pairs is approximated by:

DGAb42-residue ¼ DEvdw þ DEele þ DGGB þ DGSA ð1Þ
where DEvdw and DEele are respectively the non-bonded van der
Waals interactions and electrostatic interactions between the Ab
peptide and each paratope residue in the gas phase. The polar con-
tribution to solvation free energy (DGGB) was calculated by using
the GB module. DGSA is the free energy due to the solvation process
of nonpolar contribution and was calculated from SASA. All energy
components in Eq. (1) were calculated using snapshots taken at
100 ps time intervals from the complete MD trajectories, removing
the explicit water molecules from the snapshots.

2.3. QM/MM setup

The most important question when using the ONIOM scheme is
the partitioning of the system into high and low level layers. In this
work, we identified the binding site residues of the Ab42 mono-
meric model by using the free energy decomposition approach
(MM/GBSA). The side chains of the binding site residues that con-
tributed with a |DG| higher than 1.0 kcal/mol in the per residue
energy decomposition together with DZK inhibitor were included
at the high-level QM layer, and the remainder of the complex sys-
tem was included in the low-level MM layer. The QM region was
calculated using the B3LYP-D/6-31G(d) method [53–55] and the
MM portion using the AMBER force field [56]. The MM parameters
absent in the standard AMBER force field were included from the
generalized amber force field (GAFF) [57]. Only the geometry of
the QM layer was fully optimized. Hydrogen link atoms were used
to satisfy atoms at the QM and MM interface. The hydrogen link
atoms remained fixed during optimization.

2.4. Atoms in molecules theory

After the QM/MM calculation, the optimized geometry for DZK–
Ab42 complex was used as input for QTAIM analysis [58], which
was performed with the help of Multiwfn software [59], using
the wave functions generated at the B3LYP-D/6-31G(d) level. This
type of calculations have been used in recent works because it
ensures a reasonable compromise between the wave function
quality required to obtain reliable values of the derivatives of q
(r) and the computer power available, due to the extension of the
system in study [42,60].
3. Results and discussion

This study was carried out in four steps. First, MD simulations
were performed on different complexes of monomeric Ab42 with
DZK, a mimetic peptide previously reported as an aggregation
modulating compound [11]. In a second step, MM–GBSA free
energy decomposition analysis was employed to select the resi-
dues involved in the most relevant molecular interactions of the
DZK–Ab42 association. Then, geometric optimizations were per-
formed using quantum mechanics and molecular mechanics
(QM/MM) calculations on the DZK together with the Ab42 peptide.
Finally, the molecular interactions were further analyzed from a
QTAIM study.

3.1. MD simulations of DZK–Ab42 complexes

Previous experimental and theoretical studies have demon-
strated that conformational conversion from the initial a-helix to
b-sheet is a fundamental step in early Ab amyloidogenesis
[15,61]. To explore the inhibitory effect of DZK on the conforma-
tional transition of Ab42, we started our study using fully atomistic
explicit-solvent MD simulations of the monomeric form in order to
obtain different Ab structures of this peptide in solution. Initially,
Ab42 monomer (PDB-entry 1IYT) was simulated under NPT condi-
tions for a total simulation time of 150 ns (three individual trajec-
tories of 50 ns each). Obtained MD solutions were clustered into
families using a root mean square deviation (RMSD) criterion. Pro-
gram PTRAJ from the AMBER package was employed for this type
of clustering [46]. Conformers showing best scores of each clus-
tered family were promoted to docking study. Thus, ten different
monomeric Ab42 structures were obtained and employed to
explore possible DZK–Ab42 bindingmodes. For this purpose, a blind
docking analysis using the program Autodock Vina was performed.



Fig. 2. Average secondary structure propensities for WT (A), DZK-s1-Ab42 (B), DZK-s2-Ab42 (C) and DZK-s3-Ab42 (D). Random coil is shown in green, turn in yellow, helix in
blue, and b-sheet in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Center of mass distances between residues Tyr10-Met35 for WT Ab42
(black), DZK-s1-Ab42 (yellow), DZK-s2-Ab42 (red) and DZK-s3-Ab42 (green) are
shown. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The initial Ab42 structure obtained from the PDB was also submit-
ted to the same procedure. Three main binding sites were recog-
nized by this procedure (designated as sites s1–s3 in Fig. 1).
Binding site s1 was located around the central hydrophobic cluster
(CHC) region (residues Leu17–Ala21), showing the interaction of
DZK with residues Phe19–Phe20 and the neighbor amino acids
Lys16, Asp23, Val24 and Ile31 (site s1 in Fig. 1). The binding site
s2 was located around the N-terminus residues of Ab42 (Asp1,
Phe4, Arg5, His6, Ser8, Val12 and His13), whereas site s3 was
placed at the C-terminal region of the monomer encompassing
the residues Ile31, Leu34, Met35, Val39 and Ile41. These putative
binding sites are in agreement with some well-defined Ab
peptide regions implicated in the amyloid fibril formation, such
as the C-terminus and the sequence Lys16–Phe20 of the Ab peptide
[62,63]. In addition, a computational study on Ab42 monomeric
model has identified small-molecules binding sites, in particular
in the CHC region, which are involved in the aggregation process
[31].

In the following step, twenty DZK–Ab42 complexes were
selected and then simulated for 50 ns. This dynamic study on the
different systems in solution was performed to show the ability
of DZK to stabilize the helix monomeric conformation. It is impor-
tant to remark that the loss of this secondary structure is observed
during the conformational transition in the early stages of the for-
mation of toxic species in Alzheimer’s disease. During the simula-
tions in the WT Ab42 set, much of the initial helicity of Ab42 was
lost in favor of turn and random coil elements. In the case of
DZK–Ab42 complexes, the helicity was generally increased showing
more helical content than the control WT Ab42 with average per-
centages of 50% particularly when DZK interacts with site s1 at
the CHC region (Table S1 and Fig. S1, Supplementary material).

In order to confirm the prediction of the above secondary struc-
ture analysis, three DZK–Ab42 complexes (DZK-s1-Ab42, DZK-s2-
Ab42 and DZK-s3-Ab42) and the WT Ab42 monomer were subjected
to three more extended MD simulations (300 ns each using differ-
ent starting velocity distribution functions) and the corresponding
results are shown in Table 1. Previous studies have shown that MD
force fields have inherent limitations related to the correct balance
of secondary structural elements, particularly with respect to
helices [64,65]. For this reason, individual a-, p-, and 310-helical
structures were summed and termed directly as total helix con-
tent. Once again, WT Ab42 tended to lose its helicity over the time
while the binding of DZK to the peptide changes its secondary
structure content since all the DZK–Ab42 complexes maintained
more helical content than the control as shown in Table 1. While
not in absolute quantitative agreement, secondary structure
results obtained on WT Ab42 agree well with simulation results
using different force fields [21,66].

The secondary structure propensities for each residue in Ab42
are shown in Fig. 2. WT Ab42 only exhibited high propensity
(�70%) for helix structures in the region spanning residues
Tyr10–His13 (Fig. 2A). Two more helix signals are present from
Glu22 to Gly25 with a small probability of 20%, and from Gly29
to Ile32 with a propensity of 30%. All the simulations of Ab42 in
the presence of DZKmanifested higher content of helical secondary
structure as well as a greater number of residues in helices confor-
mation compared to the WT Ab42 (Fig. 2B–D). A longer region
containing helix conformation extends from residues 4 to 39 for
DZK-s1-Ab42 complex (Fig. 2B). In addition, at the CHC region,
residues 17–21 have propensity for helical configurations of
�60%, which is higher than in WT Ab42 by �30%, resulting in less
random coils. DZK-s2-Ab42 complex is more prone than WT Ab42
to form helix structures at the N-terminal region at positions
Ala2–Gln15 as depicted by Fig. 2C. Thus, there is a small random
coil to helices transition at this region going from WT Ab42 to
DZK-s2-Ab42 complex. Finally, DZK-s3-Ab42 complex displayed
high helix signals at the CHC (�80%) and near the C-terminal
(�60%) regions (Fig. 2D). Taken together, these DZK–Ab42 systems
showed similar overall secondary structure compositions but it is
in the propensity per residue that differences arise. Particularly,
DZK-s1-Ab42 and DZK-s3-Ab42 complexes showed higher propensi-
ties to maintain helix structures in CHC and C-terminal regions
compared to the WT Ab42. It is important to note these results
as experimental [67] and theoretical [68] studies stated that
stabilizing the helix between residues 17 and 21 (CHC) prevents
the formation of oligomers larger than dimers.

In a recent work we hypothesized that DZK exerts its aggrega-
tion modulating effect preventing the formation of a toxic con-
former of Ab42 [11]. Now, through more extensive MD
simulations we analyzed the capability of DZK to inhibit the forma-
tion of this toxic turn that would bring the residue Tyr10 close to
Met35 resulting in the formation of S-oxidized species, partially
responsible of the intracellular ROS production [69]. From our cal-
culations, we measured the distance between these key residues
finding that WT Ab42 showed an average distance between Tyr10
and Met35 of 5 Å (Fig. 3). On the contrary, DZK-s1-complex main-
tained a distance of about 20 Å during the last 150 ns of simulation.
When DZK was bound in s2 and s3 an intermediate distance was
found (�10 Å). These results allowed us to assume that DZK pre-
vents the formation of a toxic conformer in the Ab42 monomer.
3.2. Calculation of DZK–Ab42 binding energies

The MM–GBSA protocol was applied to each MD trajectory in
order to calculate the relative binding energies of the DZK–Ab42
complexes. Binding free energies estimated for DZK to the Ab42
monomer at the three binding sites (sites s1–s3, Fig. 1) showed
comparable values indicating that none of these binding modes
might be discarded as putative binding sites.

Detailed characterization of individual energy terms of the
calculated binding energies of the three DZK–Ab42 complexes
is shown in Table 2. According to this table, nonpolar energy
(DGnonpolar) is favorable for the formation of the DZK-s1-Ab42 com-
plex while DGpolar is not favorable, indicating that the nonpolar
interactions play a major role in the binding process. Both the
van der Waals energy (DEvdw) and nonpolar solvation term (DGSA)
were also found to be favorable for DZK binding at the site 1, but
the DEvdw term (�43.25 kcal/mol) took more than 85% of the con-
tribution to DGnonpolar. In contrast to the nonpolar part in DGbind,
the two components of the polar free energy (DEele and DGGB)



Table 2
Binding free energy components of the DZK–Ab42 complexes.

Energetic components DZK-s1-Ab42a DZK-s2-Ab42a DZK-s3-Ab42a

DEvdw �43.25 �45.10 �35.13
DGSA �6.02 �6.13 �5.27
DEele �16.73 �26.84 �15.54
DGGB 32.52 42.25 27.63
DGnonpolar

b �49.27 �51.23 �40.40
DGpolar

c 15.79 15.41 12.09
DGbind

d �33.49 �35.81 �28.31

a Unit: kcal/mol.
b DGnonpolar = DEvdw + DGSA.
c DGpolar = DEele + DGGB.
d DGbind = DGnonpolar +DGpolar, in which the entropy contributions of the peptide

are not included.
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behaved in opposite ways. Namely, the DEele contribution
(�16.73 kcal/mol) was favorable for the binding process, while
the DGGB term (32.52 kcal/mol) greatly worked for unbinding. So,
the counter-play between the two components of DGpolar disfavors
the binding process. In summary, the binding free energy obtained
for DZK-s1-Ab42 complex was driven by favorable nonpolar inter-
actions rather than by electrostatic interactions. It should be noted
Fig. 4. Average free energy decomposition per residue of Ab42
that the same behavior was observed for the binding free energy
components obtained for DZK-s2-Ab42 and DZK-s3-Ab42 complexes
(Table 2). Thus, the affinity between DZK and Ab42 is dominated by
hydrophobic interactions. In the following sections, these interac-
tions will be properly analyzed evaluating the regions of Ab42 pep-
tide that might be mainly affected by DZK.

3.3. Free energy decomposition for the three DZK–Ab42 complexes

The free energy decomposition not only identifies the binding
energy hot spots but also gives insight into the nature of essential
interactions. Hot spots refer to a handful of residues making dom-
inant contributions to the binding process. Herein, MM–GBSA free
energy decomposition analysis was also employed to select which
residues of Ab42 would be taken into account to define the high
level layer for QM calculations. To this end, the free energy decom-
position for each residue was carried out, and the results are pre-
sented in Fig. 4. The criterion of 2.5 kcal/mol was used to identify
the residues having large free energy contributions. This value is
the most employed in the literature [70,71]. In the DZK-s1-Ab42
complex (Fig. 4A), only three residues (His13, Lys16 and Val36)
made great contributions, while the other residues had a lesser
in DZK-s1-Ab42 (A), DZK-s2-Ab42 (B) and DZK-s3-Ab42 (C).
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effect. Fig. 4B shows the free energy decomposition results for the
DZK-s2-Ab42 complex. Five residues (Arg5, His6, Gly9, Tyr10 and
His13) offer great contributions, while the remaining residues sup-
ply minor contributions. None of the residues contribute with a DG
higher than 2.5 kcal/mol in the DZK-s3-Ab42 complex (Fig. 4C).

At this point, with the purpose of identifying the most appropri-
ate interaction site of Ab42 for the QM/MM calculations, the crite-
rion of 1 kcal/mol was used to extend the number of residues
involved in the DZK–Ab42 association. Thus, 18 residues of Ab42
provided favorable binding free energies at the site 1 (Fig. 4A).
Among them, seven residues (Phe4, Tyr10, Leu17, Phe19, Phe20,
Ile31 and Met35) have been previously identified as binding hot
spots that interact with each other to form favorable pockets that
might be proper for binding small ligands [31]. These hot spots
included residues covering N-terminal, CHC and C-terminal
regions. Moreover, Lys16, reported as a key residue in Ab fibrilloge-
nesis [39,40], also provided a favorable binding free energy
(�2.87 kcal/mol). Although binding sites 2 and 3 also showed sev-
eral hot spots identified in terms of the free energy contribution of
each residue, none of them covered a wide region as the binding
site 1. DZK-s2-Ab42 complex mainly showed great contribution of
residues from the N-terminal region (Fig. 4B). Albeit DZK-s3-Ab42
system displayed favorable binding free energies for residues
located on the C-terminal region, this complex supplied minimal
contributions on the CHC region.

In summary, DZK-s1-Ab42 showed: (i) a high propensity to
maintain helix structures in CHC and C-terminal regions, (ii) sev-
eral hot spots covering N-terminal, CHC and C-terminal regions,
including an important contribution to the free energy with
Lys16, a key residue in Ab fibrillogenesis, and (iii) an increased dis-
tance between Tyr10 and Met35, preventing the formation of the
toxic turn conformer in the Ab42 monomer. Taken together, these
results allowed us to select the first type of complexes (indicated
as site 1 in Fig. 1), where DZK is mainly bound at the CHC, to per-
form a quantitative analysis of the molecular interactions affecting
the Ab42 monomer in presence of DZK. To this end, in the following
section, a combined ONIOM–QTAIM analysis was used to obtain a
deep understanding of how DZK interacts with the amino acid resi-
dues of the Ab42 peptide.
Fig. 6. Molecular graph of the non-covalent interactions between the residues
Val36, Gly37, Gly38 of Ab42 (gray sticks) and DZK (yellow sticks). The elements of
the electron density topology are shown. The bond paths connecting the nuclei are
represented in pink sticks and the bond critical points are shown as red spheres.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
3.4. Evaluating the molecular interactions for the DZK–Ab42 complex
using QTAIM calculations

The QTAIM analysis is an important tool in the study of
ligand–receptor interactions since it measures the strength of
Fig. 5. (A) Sum of the charge density values (
P
q(r)) at the BCPs (considering only the int

DZK ligand showing the atoms that give the main interactions.
these interactions considering the values of electronic density at
a bond critical point (BCP). Furthermore, this technique allows us
to decompose global interactions on the contributions of each
interacting functional group and thus identify which groups give
the weaker interactions. These groups might be good candidates
to be replaced by others that can give stronger interactions.

Accordingly, Fig. 5 shows the sum of the charge density values
(
P
q(r)) at the BCPs due to intermolecular interactions in DZK–Ab42

complex. It is partitioned into four contributions corresponding to
the core fragment (violet), R1 (blue), R2 (red) and R3 substituents
(green). Each category of the stacked bars indicates the anchoring
strength of a different fragment of the inhibitor region; whereas
the total height of the stacked bars indicates the binding strength
of a residue over a given region of the monomeric Ab42.
er-molecular interactions) between DZK and the residues of Ab42. (B) Spatial view of



Fig. 7. Molecular graph of the non-covalent interactions between Lys16 of Ab42 and
R1 and R2 groups of DZK.

Fig. 9. Molecular graph of the non-covalent interactions between the residues
Tyr10, Val12 and His13 of Ab42 and R3 group of compound DZK.
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As can be clearly seen in Fig. 5, the core fragment of DZK pre-
sents highest affinity to the monomer and the strongest interac-
tions involve the residues Val36, Gly37 and Gly38, which are
located in the C-terminal region. Fig. 6 displays strong H-bonds
formed by the atoms H2 and H4 of DZK with the oxygen of the
peptide bond of Val36 (H2DZK� � �OVal36Ab, H4DZK� � �OVal36Ab). In turn,
the oxygen O1 of DZK forms strong bifurcated H-bonds
with NH and HA2 atoms of Gly37 (O1DZK� � �HA2Gly37Ab) and
Gly38 (O1DZK� � �HGly38Ab), respectively. In addition, Gly37 presents
a weak N� � �HAC interaction (N2DZK� � �HA2Gly37Ab). Interestingly,
these interactions have also been reported for (�)-epigallocate
chin-3-gallate (EGCG) in its inhibitory effect of Ab oligomeric
aggregation [72]. Moreover, the importance of a turn at
Gly37–Gly38 to stabilize Ab42 fold and oligomers was reported
previously [73], suggesting that the binding of DZK to this
Fig. 8. (A) Spatial view of the pocket formed by residues Val36, Gly37, Gly38, Val39 and V
non-covalent interactions between Phe20 of Ab42 and the R2 phenyl moiety of DZK. (For in
the web version of this article.)
C-terminus region might disrupt self-assembly into quasi-
spherical Ab42 oligomers.

The R1 and R2 groups are mainly involved in interactions with
Lys16. Fig. 7 shows two strong interactions between Lys16 and the
substituents R1 (O8DZK� � �HZ1Lys16Ab) and R2 (O3DZK� � �HE2Lys16Ab).
This amino acid is situated adjacent to the CHC (residues 17–21),
a key region in Ab fibrillogenesis [74,75]. Lys16 has been reported
to be involved in a combination of hydrophobic and electrostatic
interactions which are important in initiating the aberrant
self-assembly process [39,40]. Thus, DZK might alter the Ab
folding by binding to this region of monomer. This might explain,
at least in part, the significant Ab aggregation modulating activity
of DZK.

The phenyl moiety present in R2 extends deeply into the pocket
formed by residues Val36, Gly37, Gly38, Val39 and Val40, making
al40 of Ab42 (gray surface) with DZK (yellow sticks), and (B) molecular graph of the
terpretation of the references to colour in this figure legend, the reader is referred to
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multiple favorable contacts in a cooperative way (Fig. 8A).
Moreover, the edge-to-face (‘‘T-shaped”) configuration of the
aromatic ring of Phe20 and the R2 phenyl moiety of DZK
favors the formation of two hydrophobic attractive contacts:
H24K17� � �CD2Phe20Ab and H25K17� � �HB2Phe20Ab (Fig. 8B).

The R3 substituent is located on the disordered region of the
monomer which has a high mobility. Hence, interactions between
the residues Tyr10, Val12, His13 and R3 group are weak (Fig. 9). As
was mentioned in the first paragraph of this section, the R3 group
might be a good candidate to be replaced by a functional group
which can form stronger interactions with the disordered region
of the monomeric Ab42.
4. Conclusions

We recently reported that DZK possesses a significant Ab42
aggregation modulating effect [11]. The design of this compound
was carried out by a molecular modeling study by using a
pentameric model. Here, MD simulations, MM/GBSA analysis,
QM/MM calculations and a QTAIM study were used to identify
the molecular interactions of the mimetic peptide DZK with Ab42
in an attempt to explore how this compound stabilizes the peptide
in the monomeric form and disfavors its oligomerization. Extensive
MD simulations (3.6 ls) of DZK–Ab42 complexes showed high
propensities to maintain helix structures in CHC and C-terminal
regions, preventing the conformational transition of the peptide.
In addition, the interaction of DZK with Ab42 impedes Tyr10 getting
close to Met35, preventing the formation of the S-oxidized radical
cation observed in the process of the toxic oligomer formation [69].

According to the results of the free energy decomposition anal-
ysis, the binding between the Ab42 peptide and the DZK located at
binding site 1 is driven by selected ‘‘hot spots” that play a major
role in DZK–Ab42 interactions. The most important residues are
Phe4, Tyr10, Leu17, Phe19, Phe20, Ile31, and Met35, which were
found to be involved in several interactions of different types,
and the majority of them are supported by previous experimental
and theoretical results [31,74].

The combined ONIOM–QTAIM analysis allows us to decompose
the global interactions of DZK–Ab42 complex on the contributions
of each interacting functional group. Our results indicate that the
core fragment of DZK strongly interacts with the residues Val36,
Gly37 and Gly38, which are located in the C-terminal region. The
R1 and R2 groups are mainly involved in strong H-bonds with
the residue Lys16, which plays a key role in the process of Ab
oligomerization [39,40]. In addition, the phenyl moiety present in
R2 extends deeply into the pocket formed by residues Val36,
Gly37, Gly38, Val39 and Val40, making several stabilizing
hydrophobic contacts.

Finally, the R3 substituent of DZK, located in the disordered
region of the monomer showed weak interactions. This result sug-
gests that new and more potent mimetic peptides can be synthe-
sized replacing the R3 group of DZK in order to optimize these
interactions.

When searching compounds that might interfere at the earliest
step of the amyloidogenic process, during which the monomers
self-associate into toxic oligomers, such compounds should inter-
fere with as many types of key molecular interactions as possible.
In this work, we provided a detailed description of multiple molec-
ular interactions between DZK and Ab42 corroborating that the
computational analysis has an important role in studies of this type
of disorders related with aberrant protein self-assembly. In this
sense QTAIM studies are very useful to get a fairly accurate
description of the strengths and weaknesses of those interactions
that are important to stabilize or destabilize the molecular
complexes.
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