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Abstract
The amyloid-β peptide exists in the form of �brils in the plaques found in the brains of patients with
Alzheimer’s disease. One of the therapeutic strategies is the design of molecules which can destabilize
these �brils. We present a designed peptide KLVFFP5 with two segments: the self-recognition sequence
KLVFF and a β-sheet breaker proline pentamer. Molecular dynamics simulations and docking results
showed that this peptide could bind to the proto�brils and destabilize them by establishing hydrophobic
contacts and hydrogen bonds with a higher a�nity than the KLVFF peptide. In the presence of the
KLVFFP5 peptide the β-sheet content of the proto�brils was reduced signi�cantly, the hydrogen bonding
network and the salt bridges were disrupted to a greater extent than the KLVFF peptide. Our results
indicate that the KLVFFP5 peptide is an effective β-sheet disruptor which can be considered in the therapy
of Alzheimer’s disease.

Introduction
Alzheimer’s disease belongs a category of neurodegenerative diseases which is a leading cause of
dementia affecting millions of people worldwide, leading to progressive memory loss and cognitive
deterioration [1, 2]. This disease is induced by the irregular processing of neuronal proteins [3]. A
distinctive feature of this disease is the presence of neuritic plaques in infected brains which are primarily
composed of the amyloid �brils [2, 4]. Neuro�brillary tangles composed of tau proteins are also found in
these brains [2, 4]. As a remedy for this disease, molecules with low molecular weights which can cross
the blood-brain barrier had been proposed to destabilize the amyloid �brils and prevent their aggregation
[2]. However, since 2003 there have been no new drugs which had been approved, implying that the
therapy for this disease is a challenge [5].

In the quest for small molecules which can potentially be therapeutic for Alzhemier’s disease, several
types of molecules were considered. Chelates and metal coordinations complexes such as iridium (III)
and rhodium (III) metal complexes, clioquinol – zinc ion complex, platinum phenanthroline derivatives
and Cobalt (III) Schiff bases could inhibit the aggregation of �brils and diminish their toxicity [6–9].
However in clinical trials the metal chelators PBT1 and PBT2 failed to demonstrate favourable effects
[10].

Synthetic compounds such as hexahydropyrroloindoles (HPI), �avone hybrids, triazole-based derivatives,
and epigallocatechin-3-gallate (EGCG) could inhibit the aggregation of the �brils [11–13]. Another class
of molecules considered for therapy were antibodies, which displayed insubstantial outcomes due to their
large molecular weight as a result of which they were unable to cross the blood-brain barrier [14].
Bapineuzumab and Solanezumab failed in clinical trials [15–17]. However, in patients with mild
symptoms, Aducanumab displayed some therapeutic potential [18].

However, most small molecule drugs have some drawbacks. In general, they have a low selectivity for
targets, and a poor a�nity for the �brils [19, 20]. Peptide-based drugs have been proposed as an
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alternative, due to their ability to have an increased number of interactions with their targets, thereby
improving their speci�city [20]. Presently, over 100 peptide-based drugs have a market share of about
10% in the ethical pharmaceutical market [20]. They occur frequently as a sequence of 8–10 residues
[20]. Apart from their superior speci�city, peptide-based drugs are less toxic, possess chemical and
biological variety and tend to not gather in tissues [20]. There are some challenges associated with
peptide-based drugs. Apart from being metabolically unstable, they have trouble crossing membranes
easily [20]. They are mostly delivered by injection as they have poor oral availability [20]. Also, they are
associated with inferior solubility and are expensive [20]. If these disadvantages can be prevailed over,
peptide-based drugs can show great promise in treating diseases effectively [20].

Peptide sequences obtained from the Aβ1 − 42 peptide can inhibit the aggregation of the Aβ1 − 42 peptides,
such as Aβ15 − 22, Aβ16 − 23, and Aβ17 − 24 [21]. The sequence Aβ16 − 20 was recognized as the shortest
sequence which initiated the nucleation of the �brils [22]. This sequence is known as the self-recognition
sequence of the amyloid �brils, and can inhibit the �brillation process. It was also observed that when the
sequence Aβ17 − 21 was modi�ed by the substitutions V17P and A22D, and was injected in the brains of
infected rats, it could destabilize the �brils and arrest their aggregation [23]. Based on these observations,
diverse sequences based on the Aβ16 − 20 sequence (KLVFF) were investigated such as adding lysine
residues to the KLVFF sequence [24], the Aβ1 − 28 sequence in which the side chains of the residues 17–21
were linked by a lactam linkage and conformationally restrained [25], and the sequences RGKLVFFGR
and RGKLVFFGR-NH2 [26]. Other examples of such modi�cations are the molecules PI-368, PPI-433, PPI-
457 [27], polyamine modi�cations [28, 29], N-methylated sequences [30–34], substitution by D-amino
acids [35, 36], linkage to aminoethoxy amide and aspartate [37], the molecules SEN 606, AMY1, AMY2,
and K4 [38–40]. The proteolytic stability of the KLVFF peptide was improved by its conjugation with PEG
[41].

Amino acids which contain aromatic rings bind to the �brils with the highest a�nity, according to a study
by Viet et al [42]. There may be an association between the binding a�nity of peptide sequences to
amyloid �brils and their capacity to destabilize amyloid �brils [42]. Although proline has a �ve-membered
aromatic ring, it has a high binding a�nity to the �brils [42]. Proline has attracted interest in destabilizing
amyloid �brils. Proline-rich polypeptides such as Colostrinin have shown promise in the treatment of
Alzheimer’s disease by preventing the aggregation of the �brils in vitro and in clinical studies [43–45].
Another peptide, PRP – 1, which contains four proline residues had shown promise [46]. Proline is a
unique residues in the sense that it rarely occurs in beta-sheets [47]. The peptidyl-prolyl bond in proline
has a conformation which is not complementary to the geometries of the peptide bond in beta-sheets
[48]. The aromatic ring in proline is unable to participate in the hydrogen bonding network of beta-sheets
[48]. The internal rotations of the protein backbone depend on the side chains of residues [49]. Proline is a
rigid amino acid owing to its pyrrolodine ring which restricts it to accessing fewer conformations [50]. It
was shown that when any amino acid in the amyloidogenic sequence LVFFAED was replaced by proline,
the sequence became soluble and unable to form �brils [48].
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In the present study, we investigated the ability of a peptide KLVFFPPPPP to destabilize the amyloid
proto�brils. In this peptide, denoted as KLVFFP5, the KLVFF sequence was linked to a proline pentamer.
This peptide seeks to combine the self-identi�cation and inhibitory property of the KLVFF sequence with
the beta-sheet breaker ability of the proline sequence. Five repeat units of proline were selected based on
the observation of Murphy et al who in their study of the lysine-modi�ed KLVFF peptide found that three
or more repeat units of lysine were more effective [24]. The ability of the KLVFFP5 peptide to destabilize
the �brils and bind to them was compared to the KLVFF peptide. Our results indicate that the KLVFFP5
could disrupt the amyloid proto�brils to a greater extent than the KLVFF peptide and bind more strongly
to them.

Methods
The structure of the amyloid-β proto�brils was obtained from the Protein Data Bank (pdb id: 2MXU) [51].
This structure comprises of a triple-parallel S-shaped β-sheet. The three extended β-sheet regions are
connected by two loop regions. This model was used in many recent studies [52–58]. The proto�bril
structure is shown in Fig. 1. The S-shaped structure of the proto�brils used in the present study has
greater conformational and mechanical stability [54,59,60] compared to the U-shaped structure of the
proto�brils used in previous studies [61,62,63] due to a more robust network of hydrogen bonds [59].

In order to decrease the cost of computation, seven chains of the proto�bril structure were considered. Xi
et al found that for this model, a proto�bril with six chains was the minimum critical size for proto�bril
stability [64]. They also found that the absence of the �rst ten residues did not have an impact on the
overall proto�bril structure. Hence, the choice of the present proto�bril structure with seven chains of
Aβ11 − 42 is valid for the study.

Neurotoxic oligomers occur in many different sizes. At the begining of the oligomerization of amyloid-β
�brils, the paranuclei consist of pentamers and hexamers which eventually form larger oligomers which
later form �brils [65]. A coarse grained simulation study by Cheon et al showed that pentamers and
hexamers are on-pathway intermediates in �bril formation [66]. Another study by Kahler showed that the
hexamer is a favourable size for the oligomerization of longer proto�brils [67]. Thus the heptamer model
of the proto�brils considered in the present study is a valid target for the design of therapeutic molecules
for Alzheimer’s disease. Figure 1 shows the model of the proto�brils. For convenience, we refer to the
regions shown in the �gure as β-1, β-2, and β-3; and loop-1 and loop-2. The β-1 region is spanned by the
residues Val 12 – Phe 20, the b-2 region by Asn 27 – Ile 32, and the β-3 region by Val 36 – Ile 41. The
chains of the proto�brils are labeled chains A-G; and the ligand as chain H, for convenience.

The systems considered in this study are summarized in Table 1. Three sets of simulations were
performed for the following systems: Aβ11 − 42 proto�brils in water, KLVFF- Aβ11 − 42, and KLVFFP5 - Aβ11 − 

42. The KLVFF and KLVFFP5 ligands were constructed by PyMol 2.3.1. These ligands were docked to the
amyloid proto�brils using the automated protein docking server ClusPro [68–72]. The recommended
default procedure was followed in ClusPro. Based on favorable desolvation energies and electrostatics,
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the top 2000 models were clustered and ranked by the ClusPro algorithm [71]. The top ranked model was
chosen for the present study. The two models chosen for the KLVFF and KLVFFP5 ligands were identically
docked to the proto�brils, enabling a basis for the comparison of their effects on the proto�bril structure.

Table 1
Summary of systems studied.

System Composition Abbreviation

Control System, Replica 1 Aβ11 − 42 C – 1

Control System, Replica 2 Aβ11 − 42 C – 2

Control System, Replica 3 Aβ11 − 42 C – 3

KLVFF – proto�brils, replica 1 KLVFF - Aβ11 − 42 K – 1

KLVFF – proto�brils, replica 2 KLVFF - Aβ11 − 42 K – 2

KLVFF – proto�brils, replica 3 KLVFF - Aβ11 − 42 K – 3

KLVFFP5 – proto�brils, replica 1 KLVFFP5-Aβ11 − 42 KP – 1

KLVFFP5 – proto�brils, replica 2 KLVFFP5-Aβ11 − 42 KP – 2

KLVFFP5 – proto�brils, replica 3 KLVFFP5-Aβ11 − 42 KP – 3

The systems were placed in a cubic box of sizes 7.42543nm (control systems), 7.36071nm (KLVFF
systems) and 7.36284nm (KLVFFFP5 systems). The water model used was the TIP3P model. The
AMBER99SB-ILDN force �eld was used for the simulations. In order to neutralize the systems, 7 sodium
ions were added to the control systems and 6 to the KLVFF and KLVFFFP5 systems. The steepest
descents algorithm was used for energy minimization, followed by equilibriation in two steps with
position restraints on heavy atoms. First, an NVT equilibritaion was done for 500ns at 300K, and then an
NPT equilibriation was done for 500ns using the Nosé–Hoover temperature bath [73,74] and the
Parrinello-Rahman barostat [75,76]. Finally, a molecular dynamics production run was performed for
1000ns (1µs). The GROMACS 5.1.4 package was used for the simulations with periodic boundary
conditions applied in all directions [77]. The P-LINCS constraint algorithm was used for bond lengths [78].
The neighbor search cut-off was at approximately 1 nm. The fast smooth particle mesh Ewald
summation method was used to calculate the long-range electrostatic interactions and the Fourier grid
spacing was 0.16 nm [79].

For analysis, we considered the last 300ns of the simulations. In order to check for artefacts, the
minimum distance of a protein system to its periodic image was evaluated. The root mean squared
deviation (RMSD), the secondary structure, hydrogen bonds, and the solvent accessible surface area
(SASA) were evaluated using the GROMACS tools gmx rms, do_dssp [80, 81], gmx hbond [82], and gmx
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sasa [83] respectively. In order to evaluate the sustained contacts, the VMD script contactFreq.tcl was
used.

The MM/PBSA method was used to evaluate the binding free energies of the amyloid proto�brils with the
ligands. According to the MM/PBSA method, the binding energy is given by the following equation [84,
85] :

In Eq. (1), ΔEMM is the molecular mechanics contribution to the binding free energy in vacuum. The polar
solvation energy was evaluated by solving the non-linear Poisson-Boltzmann equation and is expressed
by the term ΔGpsolv. The non-polar contribution to the solvation energy was evaluated by using the
solvent-accessible surface area (SASA) model and is given by the term ΔGnpsolv. Entropic terms were not
considered in the evaluation of the binding energies of the ligands. The tool g_mmpbsa was used for the
binding energy calculations employing the single trajectory protocol [86, 87]. Snapshots were extracted
every 100ps from the last 30ns of the simulations for analysis. Using 1000 bootstraps in the g_mmpbsa
program, individual contributions to the binding energies by the residues were also evaluated. The solute
dielectric constant was 4 and the solvent dielectric constant was 80.

Results And Discussion
We describe the binding modes of the KLVFF and KLVFFP5 ligands to the amyloid-β proto�brils in terms
of sustained contacts. Sustained contacts are de�ned as those contacts in which the proto�bril residues
which were within 4Å of the ligand residues for more than 40% of the last 300ns of simulations. The
binding energies of the systems were evaluated along with the contribution of the most important
proto�bril residues.

Binding Modes
The highest ranked docked structures of the KLVFF and KLVFFP5 systems were chosen. In these
structures, the ligands docked to a binding pocket formed by the S-shape of the proto�brils. The binding
pocket was evaluated by the web-servers CASTp 3.0, Bitenet and Active Site Prediction [88–90] which use
different methods in their calculations. A study by Grasso et al examined the docking of various natural
compounds to this particular structure of the proto�brils which was used in the present study [91]. In their
study, ligands such as curcumin, gossypin and piceatannol were able bind to this particular binding
pocket [91]. Based on these observations, the highest-ranked docked structures produced by the ClusPro
algorithm was an appropriate choice for the starting structures of the complexes. The docking of both the
ligands was identical, enabling a comparison of their effects on the proto�bril structure. The starting
structures of the systems and the ligand residues which were within 5Å of the proto�bril residues are
shown in Fig. 2. KLVFF and KLVFFP5 made contacts with the proto�bril residues Val 12, His 13, His 14,
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Leu 17, Ile 32, Gly 33, and Leu 34. These residues are in the β-1 region and the loop region Gly 33 – Met
35. These residues correspond to the two binding regions observed by Grasso et al, who found that most
ligands tend to bind to the regions E11–F19 and I32–L34 [91]. The KLVFF ligand made contacts with the
residues in chains C-G of the proto�brils, while the increased length of the KLVFFP5 ligand enabled it to
make contacts with these residues in all the proto�bril chains. These residues are highlighted in Fig. 2.
The contacts were hydrophobic in nature.

The KLVFF peptide made hydrophobic, hydrogen bonding, and aromatic interactions with the proto�brils.
In the last 300ns of the simulations, the KLVFF ligand made eight sustained contacts with the proto�bril
residues in the K – 1 system. In the K – 1 system, the average number of hydrogen bonds between the
KLVFF ligand and the proto�bril residues was 3.24. The strong hydrogen bonds between His 14C – Phe
4H lasted for 88% of the time. There were aromatic interactions between Phe 20G – Phe 4H. The
prominent contributions to the binding were from the hydrophobic contacts. These residues are shown in
Fig. 3 along with their contribution to the binding energy based on the per-residue decomposition of the
binding energy term in the last 30ns. The prominent contributions to the binding energy were from Val
12C and His 14C. The contributions to the binding energy are shown in Table 2. The binding energy term
was dominated by the van der Waals interactions. The electrostatic interactions were favourable for
binding.

Table 2
MMPBSA results expressed in kJ mol− 1.

System van der Waals
energy

Electrostatic
energy

Polar solvation
energy

SASA
energy

Binding
Energy

K – 1 -186.825 ± 0.958 -943.763 ± 
7.976

857.058 ± 6.456 -24.328 ±
0.099

-297.919 ±
3.616

K − 2 -175.002 ± 1.003 -769.843 ± 
5.549

762.754 ± 5.191 -23.145 ±
0.101

-205.313 ±
3.285

K – 3 -213.709 ± 1.132 -1501.012 ±
12.067

1347.511 ± 9.156 -29.088 ±
0.095

-396.634 ±
3.707

KP – 1 -213.656 ± 1.160 -1239.946 ±
11.436

1247.314 ± 8.200 -28.845 ±
0.128

-234.845 ±
4.473

KP – 2 -374.728 ± 1.210 -1160.455 ±
8.772

1187.126 ± 5.345 -39.990 ±
0.095

-388.177 ±
4.545

KP – 3 -419.601 ± 1.079 -439.377 ±
4.046

820.437 ± 2.878 -43.269 ±
0.076

-81.957 ±
2.465

In the K – 2 system the KLVFF peptide made 12 sustained contacts with the proto�bril residues. The
average number of hydrogen bonds between the ligand and the proto�brils in the last 300ns in the K – 2
system was 1.78. The hydrogen bonds between Glu 11C – Val 3H lasted for 82.80% of the time. In the
last 150ns, aromatic interactions between Phe 19F – Phe 5H developed. The important contributions to
the binding were from the hydrophobic contacts. These are shown in Fig. 3. The Glu 11C residue made
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the highest contribution to the binding energy. The contributions to the binding energy are shown in Table
2. The electrostatic interaction and polar solvation energy terms were comparable, implying that the
driving force for the binding were the van der Waals interactions. Due to the decrease in favourable
electrostatic interactions, this ligand had a lower a�nity compared to the K – 1 ligand.

In the K – 3 system the KLVFF ligand made 15 sustained contacts with the �brils, and made an average
of 4.05 hydrogen bonds with the �brils. Due to a greater number of contacts made with the �bril residues,
an increased number of hydrogen bonds, and more favourable electrostatic interactions, the ligand in this
replicate had a higher binding a�nity for the �brils than in the K – 1 and K – 2 systems.

In the last 300ns, the KLVFFP5 ligand made 15 sustained contacts with the proto�bril residues in the KP –
1 system. The average number of hydrogen bonds between the ligand and the proto�brils was 2.75. The
prominent hydrogen bonds were between Glu 22A – Lys 1H (50.10%), Glu 22A – Leu 2H (27.20%), and
Asp 23A – Lys 1H (23.60%). As these residues were charged, they contributed signi�cantly to the binding
energy, as shown in Fig. 4. The hydrophobic contacts made an important contribution to the binding, the
Ile 32D - Pro 9H contact in particular. The contributions to the binding energy are shown in Table 2. The
electrostatic interaction and polar solvation energy terms were comparable, implying that the binding was
driven by the van der Waals interactions.

In the KP – 2 system, the KLVFFP5 ligand made 27 sustained contacts with the proto�bril residues. This
was signi�cantly more than the other systems. The average number of hydrogen bonds between the
ligand and the proto�brils was 3.73. The important hydrogen bonds were those between Glu 11A – Lys
1H (54.80%), Val 12A – Lys 1H (84.80%), Val 12A – Leu 2H (93.70%), and Glu 11G – Pro 9H (39.20%).
Most of the sustained contacts were hydrophobic in nature. The prominent aromatic interaction was
between Phe 19F - Phe 5H. The Glu 11A – Lys 1H contact was electrostatic in nature. Important
contributions to the binding energy were made by the proto�bril residues Glu 11A, Val 12A, His 13A, His
14A, Val 12B, His 14D, Ile 32E, and Glu 11G, as shown in Fig. 4. The contributions to the binding energy
are shown in Table 2.This ligand had the highest binding a�nity compared to the other systems. The
electrostatic interactions were not favourable for binding, and hence the binding was driven by the van
der Waals interactions. The high number of hydrophobic contacts made by the ligand contributed
signi�cantly to the binding of the KLVFFP5 ligand to the proto�brils. This ligand made more contacts with
the proto�bril residues than the ligand in the KP – 1 system, and hence had an increased binding a�nity.
In the case of the KP – 3 system, the ligand residues made 21 sustained contacts with the �bril residues.
Due to the relatively low magnitude of the electrostatic interaction energy term and the high magnitude of
the polar solvation energy term, the binding a�nity was low.

The proline residues in the KLVFFP5 ligands were able to form hydrophobic interactions with the
proto�bril residues. The proline residues contributed to 5 sustained contacts in the KP – 1 system and 7
sustained contacts in the KP – 2 system. These favourable interactions contributed to the overall binding
a�nity of the ligand. The high a�nity of proline residues to the amyloid proto�brils had been observed in
a previous study [42]. In the K – 1 and K – 2 systems the Phe 4H residue made the maximum sustained
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contacts with the proto�bril residues. In comparison, the residues other than the Phe 4H in the KLVFF
sequence in the KLVFFP5 ligands in the KP – 1 and KP – 2 systems bound more tightly to the proto�brils
by making more contacts. Thus the proline modi�cation to the KLVFF peptide enhanced its binding to the
proto�brils.

Destabilization of the proto�brils
In the presence of the KLVFF and KLVFFP5 ligands the proto�brils became destabilized. The �nal
snapshots of the simulations are shown in Fig. 5. In the absence of the ligands, the proto�brils were
stable and maintained their β-sheet structure, hydrogen bonding network and their salt bridges. The
extent of destabilization of the proto�brils was the maximum in the presence of the KLVFFP5 ligand in
the KP – 1 and KP – 2 systems. The KP – 3 system was an outlier due to the poor binding of the ligand
to the �brils.

The all-atom root mean squared deviation (RMSD) of the Cα atoms of the Aβ proto�brils was evaluated
in order to monitor the time evolution of their structural stability. The Aβ proto�bril control systems were
stable and had average RMSD values of 0.49 ± 0.01nm, 0.48 ± 0.01nm, and 0.58 ± 0.02 nm respectively in
the last 300ns. These are shown in Fig. 6.

The destabilization of the proto�brils in the presence of inhibitors was indicated by an increase in the
RMSD value of the proto�brils. In the presence of the KLVFF and KLVFFP5 ligands, the RMSD values of
the proto�brils had increased. The average RMSD values of the Aβ proto�brils in the KLVFF-Aβ systems
had increased to 0.58 ± 0.04 nm, 0.82 ± 0.06 nm, and 0.69 ± 0.04 nm, respectively, indicating the
destabilizing effect of the KLVFF peptide. In the KP – 1 and KP – 2 systems, the average RMSD values of
the Aβ proto�brils further increased to 0.90 ± 0.04nm and 0.83 ± 0.04nm. The increased values of the
RMSD indicate that the KLVFFP5 peptide could destabilize the Aβ proto�brils to a greater extent than the
KLVFF peptide in the KP – 1 and KP – 2 systems. The RMSD values as a function of time are shown in
Fig. 6.

The average RMSD values of the three extended β-strand regions β − 1, β − 2 and β − 3 were evaluated in
order to determine which region was destabilized by the ligands to the highest extent. The ligands in all
the systems made more contacts with proto�bril residues in the β − 1 region, and subsequently, this
region was destabilized to a greater extent. The KLVFF – Aβ systems had higher average RMSD values in
the β-1 region than the controls, and these values were even higher for the KP – 1 and KP – 2 systems.
The RMSD values of the residues in the β-2 regions of the systems were comparable. The increased
RMSD values show that both KLVFF and KLVFFP5 peptides could destabilize the Aβ proto�brils, with the
latter destabilizing the proto�brils to a greater extent in the KP – 1 and KP – 2 systems. The KLVFFP5

peptide could destabilize the proto�brils in the β − 1 region (in the KP – 1 and KP – 2 systems), the β − 2
region (in the KP – 2 system), and the β − 3 region (in the KP – 1 system) to a greater extent than the
KLVFF peptide. These values are shown in Fig. 7.
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The destabilization of the proto�brils was further evaluated by the effect of the ligands on the secondary
structure of the Aβ proto�brils. There was a reduction in the β-sheet content of the proto�brils in the
presence of both ligands, indicating their ability to destabilize the proto�brils. In the control Aβ systems,
the percentage of residues which formed a β-sheet was 45.91%, 52.55% and 41.87% respectively. In the
KLVFF - Aβ systems, these values were 42.20%, 42.38%, and 36.66% respectively, indicating a reduction in
beta-sheet content compared to the C – 1 and C – 2 systems. In the KP – 1 and KP – 2 systems there
was a further reduction of the β-sheet content to 28.02% and 35.27% respectively. The drastic reduction in
the β-sheet content of the proto�brils in the presence of the KLVFFP5 peptide indicates the improved
destabilization ability of the proline enhancement of the KLVFF peptide. The number of proto�bril
residues which formed random coils increased in the presence of these peptides. The percentage of
residues which formed coils in the control Aβ systems was 34.14%, 28.69%, and 36.42% respectively.
These values increased to 39.21% and 37.04%, and 38.58% in the KLVFF-Aβ systems and 39.46% and
39.52% in the KP – 1 and KP – 2 systems. These values are shown in Fig. 8.

The presence of the KLVFFP5 peptide induced the formation of 310 helices and α-helices in the Aβ
proto�brils. In the KP – 2 system, the helices were observed in the residues 25–29 of chain A; and the
residues in the two regions 20–27 and 34–37 in chain G. In the KP – 3 system, the helices were observed
in the residues 21–23 of chain A. A plot of the helix-forming residues as a function of the percent
duration of the total simulation time is shown in Fig. 9. 310 helices were more prominent in chains A of
the systems KP – 1 and KP – 2; while in chain G of the KP – 1 system, α-helices were more prominent.

A reduction in the number of hydrogen bonds in the presence of the ligands was an indication of the
destabilization of the amyloid proto�brils. The KLVFFP5 peptide in the KP – 1 and KP – 2 systems was
able to modify the hydrogen bonding network to a greater extent than the KLVFF peptide, as shown in Fig.
10, which shows the average number of hydrogen bonds in the amyloid-β proto�brils in the last 300ns.
According to the �gure, the average number of hydrogen bonds was the maximum in the systems with
the �brils alone, and the least in the KP – 1 and KP – 2 systems. The hydrogen bonds between
neighbouring chains in the systems were further evaluated. The interchain hydrogen bonds which were
disrupted by the KLVFF and KLVFFP5 peptides were those between chains D-E, E-F and F-G. Figure 11
shows the average number of inter-chain hydrogen bonds in all the systems considered. The average
number of interchain hydrogen bonds between the chains E-F and F-G in the K – 1 and K – 2 systems
was less than the controls. In the KP – 1 and KP – 2 systems, the number of hydrogen bonds reduced
even further. The average number of interchain hydrogen bonds between chains A-B, B-C, and C-D were
comparable in all the systems considered. Since hydrogen bonds play an important role in the
stabilization of the amyloid �brils, a disruption of these indicates the destabilization of the �brils in the
presence of the ligands. These results indicate that the KLVFFP5 peptide could disrupt the hydrogen
bonding network of the amyloid proto�brils to a greater extent than the KLVFF peptide.

Salt bridges are important for the stability of the amyloid �brils [92]. In the solid state NMR studies from
which the structure of the amyloid proto�brils used in the present study was obtained, it was observed
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that the stabilization of the salt bridge between Lys 28 and Ala 42 was responsible for the S-shaped triple
β-sheet motif [51]. This salt bridge is thought to function as a self-recognition molecular switch in the
oligomerization of the �brils [51]. The KLVFFP5 peptide was able to weaken these salt-bridges to a greater
extent than the KLVFF peptide in the KP – 1 and KP – 2 systems resulting in the destabilization of the
proto�bril structure. The average distance between the salt-bridge forming residues and the fraction of
the time in which they were within 4Å of each other was measured to characterize the salt-bridges. The
salt bridges in the K – 1 system were well preserved. In the K – 2 system, the salt bridges between the
chains C – D, D – E, and F – G were disrupted. In the KP – 1 system, the salt bridges which were disrupted
were those between chains A-B, and D-E. The salt bridges in the KP – 2 system were disrupted to the
greatest extent compared to the other systems. The average distance between the Ala 42- Lys 28 residues
was greater than 4Å between all the chains. The 42E – 28F salt bridge was completely lost. The 42B –
28C and 42F – 28G salt bridge-forming residues were in contact with each other for a negligible fraction
of time. Disruption of the other salt bridges was also observed. Figures 12 and 13 show the average
distance between the salt bridge-forming residues and the fraction of time in which they were within 4Å
of each other.

The tight interatomic packing of the proto�brils was made looser in the presence of the KLVFF and
KLVFFP5 peptides. The average values of the radius of gyration and the solvent-accessible surface area
increased in the presence of the peptides. This indicates that the proto�brils were less compact and more
exposed to the solvent in the presence of the KLVFFP5 peptide. These values were the highest in the
presence of the KLVFFP5 peptide as shown in Table 3.

Table 3
Radius of gyration and solvent-accessible surface

areas (SASA) of the proto�brils.
System Radius of gyration (nm) SASA (nm2)

C – 1 1.66 100.78

C – 2 1.66 103.23

C – 3 1.67 104.32

K – 1 1.70 111.74

K – 2 1.69 109.14

K – 3 1.68 111.71

KP – 1 1.72 115.98

KP – 2 1.73 115.55

KP – 3 1.69 108.68

By disrupting interactions which are critical for the stability of the pro�brils, the KLVFF and KLVFFP5

ligands were able to destabilize the proto�brils. For this particular model of the proto�brils, Grasso et al
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identi�ed three mechanisms in which ligands can destabilize the proto�brils: inter-chain destabilization,
pocket distortion and pocket stabilization [91]. In the present study, we found that the mechanism of
destabilization was by the pocket distortion mechanism as de�ned by Grasso et al [91]. The extent of
destabilization was measured by the root mean squared deviation (RMSD), the extent of the β – sheet
structure, the hydrogen bonding network and stability of the salt bridges. The RMSD values of the
KLVFFP5 – Aβ systems were higher than that of the KLVFF – Aβ systems indicating a greater degree of
destabilization. There were fewer residues forming extending β-sheets in the presence of the KLVFFP5

peptide than in the presence of the KLVFF peptide. By forming contacts with the KLVFFP5 peptide the
proto�bril residues lost their native contacts, leading to the loss of their structure. The KLVFFP5 peptide
also had a greater ability to disrupt the hydrogen bonding network and the salt bridges of the proto�brils.
The tight interatomic packing of the proto�brils was made looser by the KLVFFP5 peptide. Thus the
proline modi�cation of the KLVFF peptide improved its ability to bind to the proto�brils and disrupt their
structure.

Conclusions
In the present study the interaction of a designed peptide KLVFFP5 with the amyloid beta proto�brils was
investigated. This peptide was designed to exploit the properties of the self-recognition sequence of the
amyloid-b peptide KLVFF and the β-sheet breaker amino acid proline. The binding modes of the KLVFFP5

and the destabilization of the amyloid proto�brils were characterized. The mechanism of binding was by
the formation of hydrophobic contacts and hydrogen bonds with the proto�bril residues. The KLVFFP5

peptide could destabilize the amyloid proto�brils to a greater extent than the KLVFF peptide. In the
presence of the KLVFFP5 peptide the proto�brils lost their beta-sheet structure leading to the formation of
coils and helices. The hydrogen bonding network of the proto�brils and the salt bridges are critical for
proto�bril stability. The KLVFFP5 peptide disrupted the hydrogen bonding network and the salt bridges in
the proto�brils to a greater extent than the KLVFF peptide. The tight interatomic packing of the proto�brils
was made looser by the KLVFFP5 peptide. Our results indicate that the KLVFFP5 peptide is an effective β-
sheet disruptor which can be considered in the therapy of Alzheimer’s disease.
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Figure 1

The proto�bril model consists of three regions of extended beta-sheet structure shown in red color
denoted by β1, β2, and β3. These regions are connected by two loop regions shown in black color.
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Figure 2

Initial docked structure of the A. K systems and B. KP systems. The Aβ proto�brils are shown as ribbons.
The ligands are shown in the CPK representation in red. The proto�bril residues which were within 5 of
the ligands are shown as bonds. Val 12 is shown in tan color, His 13 and His 14 in cyan, Leu 17 and Leu
34 in blue, Ile 32 in green, Gly 33 in purple and Met 35 in yellow color.
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Figure 3

The residues which made sustained contacts with the proto�bril residues were the most important for
binding. The energetic contribution of these residues to the binding energy in the last 30 ns of the K – 1, K
– 2, and K – 3 systems is shown here.
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Figure 4

The residues which made sustained contacts with the proto�bril residues were the most important for
binding. The energetic contribution of these residues to the binding energy in the last 30 ns of the KP – 1,
KP – 2, and K – 3 systems is shown here.
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Figure 5

Snapshots of the systems at the end of the simulations, i.e., at the end of 1μs. A. C – 1 system. B. C – 2
system. C. C – 3 system. D. K – 1 system. E. K – 2 system. F. K – 3 system. G. KP – 1 system. H. KP – 2
system. I. KP – 3 system. In the presence of the KLVFFP5 peptide, the extent of destabilization of the
proto�brils was the maximum (the KP – 3 system being an outlier). Extended β-sheet regions are shown
in red color, turn regions in blue, random coils in black, helices in yellow and bridge-β in purple color.
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Figure 6

Root-mean squared deviation (RMSD) of the Cα atoms of the Aβ proto�brils in all the systems
considered. The values of the KP – 1 and KP – 2 systems were higher than the K systems, indicating a
greater extent of destabilization of the proto�brils.
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Figure 7

The average RMSD values in the last 300 ns of the different extended β-sheet regions. The β-1 region was
destabilized the most by the KLVFFP5 peptide.
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Figure 8

The percent of proto�bril residues which formed β-sheets and coils in the systems considered. In the
presence of the KLVFF peptide, the β-sheet content of the proto�brils reduced, and in the presence of the
KLVFFP5 peptide, it reduced even further indicating the increased destabilization of the proto�brils. With
a reduction in the beta-sheet content, there was an associated increase of the number of residues which
formed coils.
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Figure 9

The residues which participated in the formation of helices and their associated durations. In chain A of
the KP systems, 310 helices were observed. In chain G of the KP – 1 system, α-helices existed for a
signi�cant period of time.
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Figure 10

The average number of hydrogen bonds in the proto�brils in all the systems. In the KP – 1 and KP – 2
systems the reduction of hydrogen bonds in the proto�brils was more drastic than in the KLVFF systems.
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Figure 11

The average number of interchain hydrogen bonds. The interchain hydrogen bonds D-E, E-F, and FG were
disrupted in the proto�brils. The KLVFFP5 peptide disrupted the hydrogen bonds between these chains to
a greater extent than the KLVFF peptide in the KP – 1 and KP – 2 systems.
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Figure 12

The average distance between the salt bridge forming pairs Ala 42 and Lys 28 in all the systems
considered. The red dashed line indicates the cut-off distance for the existence of a salt-bridge. The
KLVFFP5 peptide could destabilize all the salt bridges in the KP – 1 and KP – 2 systems.
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Figure 13

The fraction of time in which the salt-bridge forming residue pairs Ala 42 and Lys 28 were within the cut-
off distance of 4Å of each other. In the KP – 1 and KP – 2 systems, these pairs were in contact for a
signi�cantly reduced fraction of time, indicating the weakening of the salt-bridges.


