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Abstract The aggregation modes of hexapeptide fragments
of Tau, Insulin and Aβ peptide (VQIVYK, MVGGVV and
LYQLEN) were found from their microcrystalline struc-
tures that had been recently resolved by X-ray analysis. The
atomic structures reveal a dry self-complementary interface
between the neighboring β-sheet layers, termed “steric
zipper”. In this study we perform several all-atom molec-
ular dynamics simulations with explicit water to analyze
stability of the crystalline fragments of 2-10 hexapeptides
each and their analogs with single glycine replacement
mutations to investigate the structural stability, aggregation
behavior and thermodynamic of the amyloid oligomers.
Upon comparing single and double layer models, our
results reveal that additional strands contribute significantly
to the structural stability of the peptide oligomers for
double layer model, while in the case of single layer model
the stability decreases (or remains the same in the case of
LYQLEN). This is in agreement with the previous studies
performed on different types of amyloid models. We also
replaced the side-chains participating in the steric zipper
interfaces with glycine. None of the mutants were structur-
ally stable compared to the respective wild type model,

except for mutants V2G and V6G in MVGGVV2 case. The
exception can be explained by structural features of this
particular polymorph. The double layer decamer and
dodecamer aggregates of the wild type hexapeptides appear
to be stable at 300K, which is confirmed by the
conservation of high anti-parallel β-sheet content through-
out the whole simulation time. Deletions of the side chains
resulted in decline of secondary structure content compared
to corresponding wild type indicating that the role of the
replaced amino acid in stabilizing the structure. Detailed
analysis of the binding energy reveals that stability of these
peptide aggregates is determined mainly by the van der
Waals and hydrophobic forces that can serve as quantitative
measure of shape complementarities between the side
chains. This observation implies that interactions among
side chains forming the dehydrated steric zipper, rather than
among those exposed to water, are the major structural
determinant. The electrostatic repulsion destabilizes the
studied double layer aggregates in two cases, while
stabilizes the other two. Negative total binding free energy
indicates that both wild type and mutants complex
formation is favorable. However, the mutants complexation
is less favorable than the wild type’s. The present study
provides the atomic level understanding of the aggregation
behavior and the driving force for the amyloid aggregates, and
could be useful for rational design of amyloid inhibitors and
amyloid-specific biomarkers for diagnostic purposes.
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Introduction

Aggregation of polypeptide chains and formation of
amyloid fibrils are associated with the development of a
number of disorders, including Alzheimer’s, Parkinson’s,
type II diabetes, and Creutzfeldt-Jakob disease [1]. Amy-
loid deposits develop when proteins misfold out of their
native conformations and aggregate into insoluble fibrils
[2]. The amyloid fibrils share a sequence independent
structure characterized by cross-β spine structural motif in
which protein β-strands run orthogonal to the fibril axis and
repetitive hydrogen bonding extends parallel to the axis [3,
4]. This cross-β spine may correspond to the global
minimum energy conformation for a wide variety of
proteins [3]. Identifying this structural motif in small model
peptide systems and characterizing it under different
conditions can yield valuable clues about the molecular-
level details of amyloid formation. Recently, the micro-
crystal structures of several amyloidogenic peptides have
been determined by x-ray crystallography [5–7]. These high
resolution structures provided researchers with a unique
opportunity to understand the structural details and on the
factors that destabilize/stabilize the amyloid fibrils. Molec-
ular dynamics (MD) simulations, along with other theoret-
ical approaches, based on these crystal structures, can often
present significant contribution to this understanding [8–
17]. By selecting an amyloid oligomer out of the crystal
structure and evaluating its conformational stability in a
crystal-free environment, these investigations have provid-
ed insights into the intrinsic propensities of peptide
fragments to associate in amyloid-like states, the energetic
factors stabilizing these aggregates, and the possible
aggregation states of oligomeric precursors or larger
assemblies up to 128 β-strands.

One of the common structural features, observed in many
available X-ray structures of amyloidogenic polypeptides is
pairing of the β-sheets by interdigitated side chains in a dry
‘steric zipper’. It is worth noting, that most of the theoretical
investigations have been conducted on the systems where
steric zipper interface is composed of the large polar and/or
aromatic side chains. In this contribution we focus on
aggregates stabilized by steric zipper interfaces formed by
small hydrophobic residues (VQIVYK, MVGGVV)
(Scheme 1). A system with polar H-bonding side chains
(LYQLEN) (Scheme 1) is also considered for comparison. We
perform all-atom MD simulations with explicit solvent on
both wild type and mutant polypeptides at various degrees of
aggregation. The initial structure of the aggregates is based
high resolution X-ray study [5]. The MVGGVV peptide
represent the fragment (residues 35-40) from the C terminal of
the Aβ1-40 peptide, associated with Alzheimer’s disease [18,
19]. The VQIVYK is a fragment (residues 306-311) of the
Tau protein, which is also involved in the pathogenesis

of Alzheimer’s disease. LYQLEN peptide is a fragment of a
chain (residues 13-18) of Insulin that had been shown to form
amyloid-like fibrils [5].

In Alzheimer’s disease (AD), the Tau protein forms
intracellular amyloid tangles in neurons.[20, 21] The
hexapeptide VQIVYK models the key amyloidogenic
peptide sequence and forms amyloid-like fibrils with the
same cross-β structure found in full Tau amyloid fibrils [5].
The structural organization of VQIVYK is a parallel β-
strand within the same β-sheet layer while maintaining anti-
parallel organization between the adjacent β-sheet layers
[5]. At the dry interface between the adjacent β-sheet
layers, the shape complementarity is formed by the
hydrpbobic steric zipper via the side chains of Val1, Ile3
and Tyr5 (Fig. 1a) [5], packing against each other forming
the sheet-sheet interface.

heimer’s disease (AD). The most abundant Aβ species are
40 residue peptides (Aβ1-40). The MVGGVV peptide is a
fragment (residue 35-40) from the C terminal of the Aβ1-40

consists of parallel and anti-parallel β-strands within the
same β-sheet layers. At the dry interface between the
adjacent β-sheet layers, the shape complementarily is
formed by the hydrophobic steric zipper via the side chains
of Met1, Val2 and Val5 (Fig. 1b, c) [5].

Fibrils of Insulin are observed extracellular in the rare
medical condition termed injection amyloidosis. These
Insulin fibrils formed in vivo display the defining character-
istics of amyloid aggregates such as binding the dye Congo
red [22] and the cross-β X-ray diffraction pattern [23]. Both
A chain and B chain can form fibrils on their own [24, 25],
and seeds of A chain or B chain can nucleate the fibrillation
of full length Insulin [24]. The atomic-resolution picture of
the interactions between segments of Insulin which may be
part of fibrillar spine came from crystal structures of the
fibril forming peptide segments LYQLEN (residues A13–
A18) and VEALYL (residues B12–B17) [5]. The structural
organization of LYQLEN is anti-parallel β-strands within
the same β–sheet layer while maintaining parallel organi-
zation between the adjacent β-sheet layers [5]. At the dry
interface between the adjacent β-sheet layers, the shape
complementarity is formed by the polar side chain steric
zipper (Tyr2, Gln3, Leu4 and Asn6) and side chain H-
bonding (Fig. 1b) [5]. Recently, serum samples from
patients with Parkinson’s disease have been found to
display an autoimmune response to Insulin oligomers and
fibrils [26], possibly indicating the presence of Insulin
aggregates in this disease as well. Insulin also reported to
form amyloid-like fibrils in vitro under elevated temper-
atures, low pH, and increased ionic strength [27, 28]. This
fibril formation has been a limiting factor in long-term
storage of Insulin for treatment of diabetes. Thus, better
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understanding of Insulin fibrillation could lead to safer
handling and more cost-effective storage of Insulin.

Previous theoretical study has demonstrated the significant
role of steric zipper in the structural stability of the
GNNQQNY and GGVVIA oligomers stabilized with polar
side chain and H-bonding [16, 29]. Park et al. [8] address the
structural selection mechanism of different double layer
peptides including GNNQQNY, NNQQ, VEALYL,
KLVFFAE and STVIIE, and find that the patterns with the
lowest binding free energy correspond to X-Ray structures
with high accuracy. The main contribution of the binding free
energy of the double layer pattern is determined by the van
der Waals and hydrophobic forces. These contributions can
therefore serve as a quantitative measure of shape comple-
mentarity among side chains between the β-sheets. The steric
self-complementary (known as steric zipper) selects the most
stable packing modes. It also makes parallel β-sheets
generally preferred over anti-parallel ones. The presence of
charged side chains appears to give anti-parallel β-sheets
kinetic preference at the early stages of assembly, while the

double layer formation is likely to be thermodynamically
controlled. Xu et al. [30] investigated the β-sheets composed
of seven antiparallel decapeptides, representing the 20–29
segment of human Islet amyloid polypeptide (hIAPP). The
amyloid nucleus of hIAPP was mimicked with one β-sheet of
different initial separation distances between the strands.
Multiple all-atom MD simulations with explicit water solvent
showed that the assembly occurs not only in the lateral
direction but also along the longitudinal direction. This
provides a new insight into the assembly pathway at the
early stage of fibril elongation. Based on the Poisson–
Boltzmann free energy analysis and quasiharmonic configu-
ration entropy estimation, the entropic contribution was found
to play an important role in the longitudinal assembly.
Moreover, a possible oligomeric state with cyclic form was
suggested based on one assembly model found in the
simulations. This evidenced the polymorphic nature of the
amyloidogenic oligomerization and possible mechanism of its
toxicity. The cyclic structures of amyloid oligomers have
been reported to be the early intermediates in solution,

a (VQIVYK) 

b (MVGGVV, Polymorphic forms I and II ) 

c (LYQLEN) 

Scheme 1 Structure of peptides
studied in this work. a (VQIVYK).
b (MVGGVV, Polymorphic forms
I and II). c (LYQLEN)
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capable to form ion-channel-like structures in the membrane
that could be responsible for pathologic membrane perme-
ability and destabilization of the cellular ionic homeostasis
[31, 32]

Vitagliano et al. [33] in their molecular dynamics
simulation characterizing assemblies formed by steric
zipper assemblies composed of a pair of 10-stranded β-
sheets of the peptides SSTSAA and VQIVYK show high
fluctuations and significant distortion. The analysis of the
VQIVYK crystal packing reveals two different double
layers with significant interface area and surface comple-
mentarity [5]. One is characterized by nonpolar dry
interface made up essentially by the side chains of Va11
and I1e3 of the two layers, while the other is polar and
involves Tyr5 and Gln2 side chains [5]. The nonpolar
interface exhibits larger values of the surface area (113 vs.

89 Å2), but slightly lower surface complementarity (0.76 vs.
0.82) [5]. The stability of the nonpolar hydrophobic
interfaces was studied by Vitagliano et al. [33] in their
MD simulations. They report high fluctuations and signif-
icant distortion (RMSD c.a. 10 Å within 40 ns simulation)
when investigate three layer assemblies formed by steric
zipper and composed of a pair of 10-stranded β-sheets of
the peptides VQIVYK. In the contrast, they found RMSD
below 6 Å within 40 ns simulation, when study the 10-
stranded double layer with nonpolar interface. Hence, the
stability of the nonpolar interface is system dependent.

However, the atomic information for the early stage of
the aggregation mechanism of the VQIVYK, MVGGVV
and LYQLEN peptide is still limited so far. Thus,
understanding the structural stability and aggregation
behavior of the VQIVYK, MVGGVV and LYQLEN

Fig. 1 a The atomic representation of the VQIVYK oligomer;
sandwich of 2 beta sheets formed by 5 hexapeptides each. Inter-
sheet steric zipper is formed between the side chain of the residues
Val1, Ile3 and Tyr5 of the β1 sheet and those of the same residue of
β2 sheet. b The atomic representation of the MVGGVV1 (polymorph
form I) oligomer; sandwich of 2 beta sheets formed by 6 hexapeptides
each. Inter-sheet steric zipper is formed between the side chain of the
residues Met1, Val2 and Val5 of the β1 sheet and those of the same
residue of β2 sheet. c The atomic representation of the MVGGVV2

(polymorph form II) oligomer; sandwich of 2 beta sheets formed by 6
hexapeptides each. Inter-sheet steric zipper is formed between the side
chain of the residues Met1, Val2 and Val5 of the β1 sheet and those of
the same residue of β2 sheet. d The atomic representation of the
LYQLEN oligomer; sandwich of 2 beta sheets formed by 6
hexapeptides each. Intersheet steric zipper is formed between the side
chain of the residues Leu1, Tyr2, Gln3, Leu4, and Asn6 of the β1
sheet and those of the same residue of β2 sheet
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peptide is expected to provide knowledge for designing an
inhibitor aimed to decrease the self-aggregation into fibrils.

In this study, several all-atom MD simulations with explicit
water at 300 K were conducted to investigate the structural
stability, aggregation behavior and thermodynamics of the
VQIVYK, MVGGVV and LYQLEN peptides with various
sizes and its single glycine replacement mutations. Our aim is
to elucidate: (i) the influence of the number of the peptides on
the structural stability and conformational dynamics of the
oligomers; (ii) the possible minimal nucleus seed for the fibril
formation of the peptides; (iii) the principle driving force for the
association of the peptides; and (iv) the effects of single glycine
replacement mutations on the structural stability of the
oligomers. The results of this study may provide insight into

the possible mechanism of fibrillogenesis of the amyloid
peptides. It may also be helpful for designing new or modified
capping peptides capable of breaking the driving force for
aggregations and preventing the fibril formation of the peptides.

Computational details

The crystal structure of the VQIVYK, MVGGVV and
LYQLEN had been determined by Sawaya et al. [5]. The
atomic coordinates of the multiple unit cells were taken from
the website [34], and the water molecules from the crystal
structure were removed. The MVGGVV have two different
polymorphic forms (form 1 and 2 with resolution of 2.0 Å

Table 2 Summary of the MVGGVV1, polymorphic form I, oligomer models and simulation system

Model Systems Sheet/strand organization Simulation box size (A˚) Simulation time (ns) T(K)

Wilde type

C1 (Sh1-St2) sheet1, strands2 ——/antiparallel 52.59×52.59×52.59 10 300

C2 (Sh1-St3) sheet1, strands3 ——/antiparallel 53.46×53.46×53.46 10 300

C3 (Sh1-St4) sheet1, strands4 ——/antiparallel 54.14×54.14×54.14 10 300

C4 (Sh1-St5) sheet1, strands 5 ——/antiparallel 56.05×56.05×56.05 10 300

C5 (Sh2-St2) sheet2, strands2 Antiparallel / Antiparallel 63.02×63.02×63.02 10 300

C6 (Sh2-St3) sheet2, strands3 Antiparallel /Antiparallel 63.17×63.17×63.17 10 300

C7 (Sh2-St4) sheet2, strands4 Antiparallel /Antiparallel 66.36×66.36×66.36 10 300

C8 (Sh2-St5) sheet2, strands5 Antiparallel / Antiparallel 67.13×67.13×67.13 10 300

MVGGVV1 (Sh2-St6) sheet2, strands6 Antiparallel / Antiparallel 69.17×69.17×69.17 10 300

Mutants

D1 sheet2, strands6, M1G Antiparallel / Antiparallel 69.16×69.16×69.16 10 300

D2 sheet2, strands6, V2G Antiparallel / Antiparallel 69.02×69.02×69.02 10 300

D3 sheet2, strands6, V5G Antiparallel / Antiparallel 69.45×69.45×69.45 10 300

D4 sheet2, strands6, V6G Antiparallel / Antiparallel 68.78×68.78×68.78 10 300

Table 1 Summary of the VQIVYK oligomeric models and simulation system

Model Systems Sheet/strand organization Simulation box size (A˚) Simulation time (ns) T(K)

Wilde type

A1 (Sh1-St2) sheet1, strands2 ——/parallel 49.31×49.31×49.31 10 300

A2 (Sh1-St3) sheet1, strands3 ——/parallel 50.84×50.84×50.84 10 300

A3 (Sh1-St4) sheet1, strands4 ——/parallel 51.67×51.67×51.67 10 300

A4 (Sh1-St5) sheet1, strands5 ——/parallel 54.06×54.06×54.06 10 300

A5 (Sh2-St2) sheet2, strands2 Antiparallel / Parallel 60.97×60.97×60.97 10 300

A6 (Sh2-St3) sheet2, strands3 Antiparallel / Parallel 63.36×63.36×63.36 10 300

A7 (Sh2-St4) sheet2, strands4 Antiparallel / Parallel 64.84×64.84×64.84 10 300

A8 (Sh2-St5) sheet2, strands5 Antiparallel / Parallel 65.88×65.88×65.88 10 300

VQIVYK (Sh2-St5) sheet2, strands5 Antiparallel / Parallel 65.88×65.88×65.88 10 300

Mutants

B1 sheet2, strands5, V1G Antiparallel / Parallel 65.74×65.74×65.74 10 300

B2 sheet2, strands5, I3G Antiparallel / Parallel 65.71×65.71×65.71 10 300

B3 sheet2, strands5, Y5G Antiparallel / Parallel 65.26×65.26×65.26 10 300
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and 1.8 Å) both of which were used in the simulation.The
Sirius visualization program from San Diego Supercomputer
Center (http://sirius.sdsc.edu) was used to construct the
aggregates of various sizes. The initial geometry of the
largest aggregate was taken as a pair of β-sheets composed of
6 strands (5 strands for VQIVYK), it is shown in Fig. 1. In
the following we denote the aggregates ShN-StM, where N is
the number of β-sheets, and M is the number of strands per
β-sheet. The initial geometry of the largest wild type
aggregate was taken as a pair of β-sheets composed of 6
strands (MVGGVVand LYQLEN) and 5 strands (VQIVYK),
as shown in Fig. 1. For the smaller size wild type systems, the
initial structures of oligomers were obtained by removing the
β-strands one by one from the Sh2-St5 (VQIVYK) or Sh2-
St6 (MVGGVV and LYQLEN) models. To construct the
mutant systems, several glycine replacements were made in

the wild type aggregate. The mutants are denoted as XnG,
where X is the replaced residue, G is the glycine replacing
this residue, and n is its position in the peptide sequence.
Three or four mutants were designed for each peptide (V1G,
I3G, and Y6G for VQIVYK; M1G, V2G, V5G, and V6G for
MVGGVV; V2G, Q3G, L4G and V6G for LYQLEN). The
simulation details for each model are summarized in Tables 1,
2, 3, and 4.

MD simulations were performed with the AMBER 10
software package [35]. The models were immersed in
truncated octahedron filled with water molecules. The
periodic water box was constructed in such a way that the
solute was at least ∼10 Å away from the box boundary and
the minimum distance between the solute and its image was
∼20 Å. When required, ions were added to neutralize the
simulated system. The AMBER ff99SB force field and the

Table 4 Summary of the LYQLEN oligomeric models and simulation system

Model Systems Sheet/strand organization Simulation box size (A˚ ) Simulation time (ns) T(K)

Wilde type

G1(Sh1-St2) sheet1, strands2 ——/antiparallel 50.43×50.43×50.43 10 300

G2(Sh1-St3) sheet1, strands3 ——/antiparallel 51.95×51.95×51.95 10 300

G3(Sh1-St42) sheet1,strands 4 ——/antiparallel 51.93×51.93×51.93 10 300

G4(Sh1-St5) sheet1, strands5 ——/antiparallel 55.75×55.75×55.75 10 300

G5(Sh2-St2) sheet2, strands2 Antiparallel /Antiparallel 65.67×65.67×65.67 10 300

G6(Sh2-St3) sheet2, strands3 Antiparallel /Antiparallel 66.97×66.97×66.97 10 300

G7(Sh2-St4) sheet2, strands4 Antiparallel /Antiparallel 68.59×68.59×68.59 10 300

G8(Sh2-St5) sheet2, strands5 Antiparallel /Antiparallel 69.82×69.82×69.82 10 300

LYQLEN(Sh2-St6) sheet2, strands6 Antiparallel /Antiparallel 70.46×70.46×70.46 10 300

Mutants

Y2G sheet2, strands6, Y2G Antiparallel /Antiparallel 70.04×70.04×70.04 10 300

Q3G sheet2, strands6, Q3G Antiparallel /Antiparallel 70.35×70.35×70.35 10 300

L4G sheet2, strands6, L4G Antiparallel /Antiparallel 70.23×70.23×70.23 10 300

N6G sheet2, strands6, V6G Antiparallel /Antiparallel 69.35×69.35×69.35 10 300

Table 3 Summary of the MVGGVV polymorphic form II models (wild type and mutant) and simulation system

Model Systems Sheet/strand organization Simulation box size (A˚ ) Simulation time (ns) T(K)

Wilde type

E1 (Sh2-St2) sheet2, strands2 Antiparallel /Antiparallel 60.58×60.58×60.58 10 300

E2 (Sh2-St3) sheet2, strands3 Antiparallel /Antiparallel 61.70×61.70×61.70 10 300

E3 (Sh2-St3) sheet2, strands4 Antiparallel /Antiparallel 63.24×63.24×63.24 10 300

E4 (Sh2-St5) sheet2, strands5 Antiparallel /Antiparallel 64.50×64.50×64.50 10 300

MVGGVV2 (Sh2-St6) sheet2, strands6 Antiparallel /Antiparallel 66.83×66.83×68.83 10 300

Mutants

F1 sheet2, strands6, M1G Antiparallel /Antiparallel 64.15×64.15×64.15 10 300

F2 sheet2, strands6, V2G Antiparallel /Antiparallel 68.86×68.86×68.86 10 300

F3 sheet2, strands6, V5G Antiparallel /Antiparallel 66.40×66.40×66.40 10 300

F4 sheet2, strands6, V6G Antiparallel /Antiparallel 66.25×66.25×66.25 10 300
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TRIP 3 water model were used in the simulations. For all
systems, in order to relax bond geometries, the potential
energy of the system (peptides and water) was minimized
by using the steepest-descent method until convergence
was reached. The electrostatic interactions were calculated
using Particle Mesh Ewald (PME) method [36] with a
cutoff of 12 Å. The cutoff radius for the Lennard-Jones
interactions was also set to 12 Å. At the end of the
equilibration simulation, energy and temperature of the
systems were stable. In order to constrain all bonds
connecting hydrogen atoms, and to allow a larger time step
of 2.0 fs, the SHAKE algorithm [37] was applied. SLeAP
module from the AMBER package was used to finalize the
compounds for calculations. Initially, each system in the
explicit solvent model underwent a two stage minimization
process. The first stage involved an initial 1000 iterations
(500 steepest descent, 500 conjugate gradient) minimization
of the solvent holding the protein constrained, followed by
a 2500 iteration (1000 steepest descent, 1500 conjugate
gradient) minimization of the entire system. After mini-
mizations were complete, the systems were warmed up
from 0 to 300 K at constant volume using weak solute
restraints for 20 ps. The explicit solvent model systems
were then subjected to constant pressure dynamics at 1 atm
for 200 ps to adjust the solvent density to ∼1 g/cm3. The
main system properties were analyzed to verify successful
equilibration for all systems and then constant volume
molecular dynamics simulations were performed for all
systems. All the production simulations were carried out
without restraints for 10 ns. The temperature of the system
was regulated by the Langevin thermostat. The molecular
dynamic trajectories were saved every 1000 steps (2 ps
interval) for subsequent analysis. Hydrogen bond occupan-
cies and structure RMSDs was calculated using PTRAJ
module available within AMBER. Secondary structure
analysis was performed using the Dictionary of Secondary
Structure of Protein (DSSP) software [38]. The simulation
results were visualized suing VMD 1.8.7 [39]. The MM-
PBSA single trajectory approach implemented as script in
AMBER 10 [35] was used to calculate the steric zippers
binding energy for non-covalent association between the β-
sheets within the double layer. In this approach an
assumption is made that no significant conformational
changes occur upon binding, i.e., structural adaptation is
negligible and the snapshots for all three species can be
obtained from the single trajectory of the complex by
separating it into two components. To calculate binding free
energies in MM-PBSA method, the explicit water simu-
lations were used to generate the trajectory followed by the
implicit Poisson-Boltzman/surface area method to calculate
solvation energy terms. The gas phase and the solvation
free energies were calculated over 500 snapshots taken at
20 ps intervals from the last 8 ns of the MD trajectories.
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Fig. 2 Time evolution of the Cα-RMSD values with respect to initial
structure of the wild type systems with one sheet and different strands
within the sheet: (a) tau oligomer (VIQVYK), (b) Abeta amyloid I
(MVGGVV1) polymorph form I and (c) Insulin amyloid (LYQLEN)
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Results and discussion

Size dependent structural stability of the wild type peptides
aggregates

Eight simulations of wild type VQIVYK were conducted
for the aggregates build of one (models A1-A4) and two
(models A5–A8) antiparallel β-sheets with parallel strands
within each sheet. The relative stability of the model
aggregates was measured by the backbone root mean-
squared deviation (RMSD). The reference structure for
calculating backbone RMSD was the energy-minimized
structure. As one can see in Fig. 2a, for the model systems
of A1 (Sh1-St2) and A2 (Sh1-St3), the RMSDs remained
below 2.Å for 10 ns, while for A3 (Sh1-St4) and A4 (Sh1-
St5) the RMSDs increased to 4.5 Å, indicating the lower
relative instability of the one layer aggregate with larger
number of strands. The larger two-layer model systems of
A7 (Sh2-St4) and A8 (Sh2-St5), maintained RMSDs c.a.
4.0 Å within 10 ns, indicating relative stability of the
structures compared to the smaller bilayer models A5 (Sh2-

St2) and A6 (Sh2-St3), which showed large fluctuations up
to 7.0 Å (Fig. 3a). The results of two-layer models
suggested that the structural stability of the VQIVYK
oligomers increases with increasing the numbers of β-
strands, the four and five stands are more stable than two
and three strands, while for one-layer models the trend is
opposite.

Our simulation for 5-stranded double layers of the
wildtype VQIVYK oligomers was found to have a
RMSD of 4 Å, in good agreement with the result
reported by Vitagliano et al. [33]. The comparison of
the RMSD values of the nonpolar interface models
(VQIVYK and MVGGVV) with LYQLEN that has polar
residues on the dry interface indicates the nonpolar are
significantly less stable. The smaller RMSD values of the
polar LYQLEN is in good agreement with the result of
Zhang et al. [29], who found an RMSD of 2 Å by
simulation of 4-stranded double layer GGNNQQNY,
which has polar residues on the dry interlayer interface.
Our results indicate that the polar dry interface signifi-
cantly improves stability.
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Fig. 3 Time evolution of the Cα-RMSD values with respect to initial
structure of the wild type systems with two sheets and different
strands within the sheets: (a) tau oligomer (VIQVYK), (b) Abeta

amyloid I (MVGGVV1) polymorph form I, (c) Abeta amyloid II
(MVGGVV2) polymorph form II and (d) Insulin amyloid (LYQLEN)
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Another eight wild type simulations of MVGGVV1
(models C1–C8) were conducted for anti-parallel β-
sheets with parallel strands within the sheets. As shown
in Fig. 2b, for the model systems of C1 (Sh1-St2) and C2
(Sh1-St3), the RMSDs were below 4.50 Å within 10 ns.
For C3 (Sh1-St4) and C4 (Sh1-St5) the RMSDs were
maintained below 4.5 Å and 6 Å within 10 ns respectively,
the two layer model systems of C7 (Sh2-St4) and C8
(Sh2-St5), the RMSDs were below 3.0 Å within 10 ns as
shown in Fig. 3b. Aggregate C6 (Sh2-St2) maintained
RMSDs below 4.0 and C5 (Sh2-St3) showed large
fluctuations RMSD within the first 5 ns and then increased
to 12 Å after 7 ns. Our results for one-layer models
suggest that the structural stability of the MVGGVV1
oligomers increases as the number of stands decreases,
while the results of two-layer models suggest that the
structural stability of the MVGGVV1 oligomers increases
remarkably with increasing the numbers of β-strands, the
four and five stands are more stable than two and three
strands.

Four wild type MVGGVV2 peptide aggregates (two
layer with different number of strands), simulations were
conducted for antiparallel β-sheets with parallel strands
within the sheets (models E1–E4). We did not do single
layer simulation, assuming the result will be the same as
for polymorphic form I. As shown in Fig. 2c, E2 (Sh2-
St3) and E3 (Sh2-St4), the RMSDs were almost identical
and remained below 6.0 Å within 10 ns. While E1 (Sh2-
St2) showed a large fluctuations within 1 ns and remained
c.a. 7.0 Å within 10 ns. E4 (Sh2-St5) shows the same
RMSD change as E2 and E3 for the first 4 ns increasing to
∼5.0 Å and maintained an RMSD ≤5.0 Å during the 10 ns
simulation. The results of two-layer models suggested that
the structural stability of the MVGGVV2 oligomers
increases with increasing the numbers of β-strands, the
four and five stands are more stable than two and three
strands.

Finally eight wild type LYQLEN peptide aggregates
(models G1–G8) were considered for antiparallel β-
sheets, parallel strands within the sheets. As shown in
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Fig. 4 Time evolution of the Cα-RMSD of the wild type systems of
the studied amyloids oligomers and their mutants. (a) Tau oligomer
(Sh2-St5) and its glycine mutants, (b) Aβ amyloid polymorph form I

(Sh2-St6) and its glycine mutants, (c) Aβ amyloid polymorph form I
(Sh2-St6) and its glycine mutants and (d) Insulin amyloid (Sh2-St6)
and its glycine mutants
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Fig. 2d, for the model systems G1 (Sh1-St2), G2 (Sh1-
St3), G3 (Sh1-St4) and G4 (Sh1-St5) consisting of one
layer and different number of strands, the RMSDs
remained at 2.0 Å within 10 ns, indicating exceptional
stability of these structures. Figure 3d shows that for the
model systems G5 (Sh2-St2) and G7 (Sh2-St4), the
RMSDs shown were maintained at ∼4.50 Å, for G8
(Sh2-St5) RMSDs is c.a. 2.50 Å, and for G6 (Sh2-St3)
RMSD demonstrates a large fluctuation within the first
4 ns and then stabilized at 7 Å after 8 ns, which indicated
that they lost their original structural organization. The
results of two-layer models suggested that the structural
stability of the LYQLEN oligomers increases remarkably
with increasing the numbers of β-strands, with four and
five strands being the most stable. Our results for one-
layer models suggested that the structural stability of the
LYQLEN oligomers is the same irrespective of the number
of strands. One layer with two, three, four and five stands
(model G1-G4) are structurally stable with RMSD c.a
2.0 Å. The LYQLEN oligomers is stabilized with

backbone to backbone and side chain hydrogen bonding
while in the case of the VQIVYK , MVGGVV1 and
MVGGVV 2 are stabilized with back bone to back to bone
hydrogen bonding.

Comparing single and double layer models, our results
reveal that the extra β-sheet strand contributes significantly
to the structural stability of the VQIVYK, MVGGVV1 and
MVGGVV2 oligomers for double layer model while in the
case of single layer model it decreases. In the case of the
LYQLEN our results also shows that an extra β-sheet
strands contributes significantly to the structural stability of
the LYQLEN oligomers for double layer models while in
the case of single layer model it is almost the same
irrespective of the number of strands. This is in agreement
with previous studies done on different types of amyloid
models. The above results all together suggest that the
structural stability of the oligomers increases significantly
with increasing the number of β-strands for double layer
models implying extra sheet-sheet interactions are neces-
sary for the formation of steric zipper to associate the
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Fig. 5 Time evolutions of the secondary structure contents for Tau amyloid oligomer Sh2-St5 amyloid aggregate formed by Tau amyloid
fragment VQIVYK and its mutants (a) Wildtype, (b) Y5G, (c) I3G, and (d) V1G during the 10-ns MD simulations
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strands, resulting in more stable oligomeric organizations.
Our findings are in agreements with previous observations
[16, 29] which indicates that the minimal nucleus seed for
the amyloid fibril formation could be as small as three or
four peptides.

The evolution of the root mean square deviations
(RMSDs) between initial and the current trajectory
structures indicates that the system undergoes certain

rearrangement. The initial structures are taken from X-
ray and may be stabilized by the crystal environment.
However, the simulations are performed in the solution
state. Due to this different environment, relatively large
RMSDs may not always correspond to the unstable
structures. To further analyze the structural stability we
also performed secondary structure analysis and binding
free energy calculations.
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Fig. 6 Time evolutions of the secondary structure contents for Sh2-St6 amyloid aggregate formed by Aβ peptide fragment (MVGGVV1)
polymorph form I and its mutants (a) wild type, (b) V6G, (c) V5G, (d) V2G, and (e) M1G during the 10-ns MD simulations
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The effect of single-glycine mutations on structural
stabilities of the aggregates

To investigate how the steric zipper interfaces influence the
structural stability of the double-sheet aggregates of
VQIVYK, MVGGVV and LYQLEN peptides, the side-
chains participating in these interfaces were replaced by
glycine (Tables 1–4). As one can see from Fig. 4a, the largest
aggregates composed of these mutants were less stable,

compared to the respective wild type aggregates. The RMSD
of I3G and Y5G are somewhat higher (c.a 5.5 Å), than those
of V1G (c.a. 4.5 Å), indicating that I3G and Y5G exhibit
higher potential to destabilize the structure of the
VQIVYK aggregate. Mutations of the nonpolar side
chain Ile3 or Tyr5 to Gly were found to result in
destabilization of the oligomeric structures. Figure 4b
indicates that none of MVGGVV1 mutants were structurally
stable compared to the value of the respective wild type
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Fig. 7 Time evolutions of the secondary structure contents for Sh2-St6 amyloid aggregate formed by Aβ peptide fragment (MVGGVV1)
polymorph form I and its mutants (a) wildtype, (b) V6G, (c) V5G, (d) V2G, and (e) M1G during the 10-ns MD simulations
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model. It shows that the RMSD of M1G and V6G are
significantly higher (<8.5 Å) than those of V2G and
V5G (<5.5.Å), indicating that V2G and V5G exhibit
higher potential to destabilize the structural integrity of
the MVGGVV1 oligomer. The result also (Fig. 4b), shows
that mutation of the nonpolar sidechain Met1 or Val6 to Gly
negatively affects the intersheet steric zipper destabilizing
the structural integrity of the MVGGVV1 oligomers to a

greater extent than the V2G and V5G mutants and the wild
type. Figure 4c shows that some of MVGGVV2 mutants
(V2G and V6G) were structurally stable compared to the
wild type model. It shows that the RMSD of the mutant V2G
and V6G are lower (nearly 4.0 Å) than those of M1G and
wild type (nearly 6.0 Å), indicating that V2G and V6G
exhibit higher potential to stabilize the structural integrity
of the MVGGVV2 oligomer. The result also shows

0 2000 4000 6000 8000 10000

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Se
co

nd
ar

y 
st

ru
ct

ur
e 

co
nt

en
t

Simulation time (ps)

 Antiparallel β -sheet
 Turn

0 2000 4000 6000 8000 10000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Se
co

nd
ar

y 
st

ru
ct

ur
e 

co
nt

en
t

Simultion time (ps)

 Antiprallel β -sheet
 Turn

0 2000 4000 6000 8000 10000

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Se
co

nd
ry

 s
tr

uc
tu

re
 c

on
te

nt

Simulation time (ps)

 Antiparallel -sheet
 Turn

0 2000 4000 6000 8000 10000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Se
co

nd
ar

y 
st

ru
ct

ur
e 

co
nt

en
t

Simulation time (ps)

 Antparallel β-sheet
 Turn

0 2000 4000 6000 8000 10000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Se
co

nd
ar

y 
st

ru
ct

ur
e 

co
nt

en
t

Simultion time (ps)

 Antiparallel β -sheet
 Turn

a

b

d

e

c

Fig. 8 Time evolutions of the secondary structure contents Sh2-St6 amyloid aggregate formed by Insulin fragment LYQLEN and four of its
mutants (a) wild type, (b) N6G, (c) L4G, (d) Q3G, and (e) Y2G during the 10-ns MD simulations

J Mol Model (2011) 17:2423–2442 2435



(Fig. 4c), that Y5G (RMSD >15.0 Å) destabilize the
structural integrity of the MVGGVV2 oligomers to a greater
extent than the other mutants and the wild type. Our finding
that the MVGGVV2 wild type aggregates are less stable
compared to certain mutants is in contrast to other oligomers
in our study and to conclusions of the previous work done on
the hexapeptide amyloid [16, 29]. This apparent contradic-
tion could be explained based on the structural difference
between this particular polymorph and other amyloid X–ray
structure in that there is 90° bending in the upper sheet of
MVGGVV form 2 [5]. As can be seen in Fig. 4d, none of the
mutants of LYQLEN are as structurally stable as the wild
type, indicating that the side chain interactions play an
important role in determining the stability of the LYQLEN
oligomers. However, the N6G mutant have small RMSD
values (∼2.5 Å), whereas the Y2G, Q3G and L4G mutants
have large RMSD values (>4.0 Å). Comparison between the
dynamics of the wild type and its mutants suggests that
mutations N6G have little effect on the structural stability of
the LYQLEN (low RMSD), whereas mutations Y2G, Q3G
and L4G destabilize the oligomeric structures. The destabi-
lization of the Q3G and L4G mutants is even more
pronounced. As seen in Fig. 4d mutations of the polar side
chain Gln3, or Leu4 to Gly would affect the intersheet steric

zipper, leading to greater destabilization of the oligomeric
structures.

Secondary structure assessment

We analyzed the secondary structure of the oligomers
using the DSSP algorithm written by Kabsch and Sander
[38]. This algorithm is based on identification of
hydrogen-bonding (H-bonding) patterns and recognizes
seven types of secondary structures which can be grouped
into three classes: helix (α-helix, 310-helix, π-helix), β-
strand (isolated β-bridge, extended β-sheet) and loop
(turn, bend). The result of the secondary structure analysis
for two layer models of the amyloid peptides shows that
the wild type of Tau (St2-St5 VQIVYK), Insulin (St2-St6
LYQLEN) and Aβ amyloids Polymorphic form I and II
(Sht2-St6 MVGGVV) appear to be stable at 300 K, which
is confirmed by the conservation of high anti-parallel β-
sheet content throughout the whole simulation time (as
shown in Fig. 5a-d). In all systems the contents of
antiparallel β sheets are much greater than the turn or
parallel β-sheet indicating the conservation of the original
structure. The results also indicate that antiparallel β-
sheet, parallel β-sheet and turn content were preserved

5 ns, wild type 5 ns, V1G  5 ns, I3G 5 ns, V5G 

10 ns, wild type 10 ns, V1G  10 ns, I3G  10 ns, V5G 

a b c d

Fig. 9 The snapshots of Sh2-St5 amyloid aggregate formed by Tau
amyloid fragment VQIVYK and three of its mutants at the 5 ns mid-
point (top) and at the end (bottom) of 10-ns MD trajectory for (a) wild

type, (b) V1G, (c) I3G and (d) I5G. While the wild type is the most
stable, the mutant I3G is the least stable
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throughout the 10 ns simulation. The analyses of the
secondary structure evolution throughout the simulation
for the mutant form of the amyloids are shown in Figs. 5,
6, 7 and 8.

The results for Tau mutant and the wild type
secondary structure is shown in Fig. 5a. In the case of
the Tau mutants the content of the secondary structure
declined, specially in the last 3 ns of the simulation. This
result is in agreement with the RMSD results discussed
above. The decline is largest in I3G which has the largest
RMSD value. Figure 6b shows the results for Aβ peptide
polymorph form I for both the wild type and mutants. The
result for the wild type shows that the secondary structure
is preserved as indicated with its high content of
antiparallel β-sheets (∼0.7). Among the mutants the
content of the secondary structure was more unstable for
M1G indicating the greater destabilizing effects of replac-
ing methione with glycine. This is in agreement with the
RMSD result, the highest RMSD among the mutants was
from the M1G mutant (see Fig. 4b). Figure 7c shows the
results for Aβ peptide polymorph form II for both the wild
type and mutants. The result for the wild type shows that
the secondary structure is preserved as indicated with its
high content of antiparallel β-sheets (∼0.7). Among the
mutants the content of the secondary structure was more

unstable for M1G indicating the greater destabilizing
effects of replacing methione with glycine. This is in
agreement with the RMSD result, the highest RMSD
among the mutants was from the M1G mutant (see
Fig. 4c).

The results for Insulin amyloid mutants (Fig. 8d) and the
wild type shows that the secondary structure is preserved as
indicated by its high content antiparallel β–sheets (∼0.7). In
the case of the Q3G and Y2G mutants the content of
antiparallel β-sheets declined, specially in the last 2 ns of
the simulation. This result is in agreement with the RMSD
results. The RMSD for both Q3G and Y2G mutants was the
largest ∼5 Å.

Two trajectory snapshots (at 5 ns and 10 ns) are
shown in Figs. 9, 10, 11 and 12 for each of the two layer
oligomer aggregates. As the structure evolves, some of the
terminal strands break the β-sheet ordering and twist
relative to the remaining strands although they do not
dissociate from the aggregate completely. Degree of this
disorder correlates with the RMSD values reported in
Figs. 2 and 3. Among the most disordered structures are
mutant I3G of the Tau fragment (VQIVYK), mutants V6G
and M1G of the Aβ fragment polymorph 1 (MVGGVV1)
mutant V5G of the Aβ fragment polymorph 2
(MVGGVV2) and the mutants Y2G and Q3G of the

 
5 ns, wild type 5 ns, M1G   5 ns, V2G 5 ns, V5G 5 ns, V6G 

10 ns, wild type   10 ns,   M1G  10 ns, V2G 10 ns, V5G 10 ns, V6G 

a b c d e

Fig. 10 The snapshots of Sh2-St6 amyloid aggregate formed by Aβ
peptide fragment (MVGGVV1) and four of its mutants. The initial
structure is selected from the X-Ray structure of the polymorph I. The
snapshots are shown at the mid-point (top) and at the end (bottom) of

10-ns MD trajectory for (a) wild type, (b) M1G, (c) V2G, (d) V5G,
and (e) N6G. The wild type is the most stable, while the V6G and
M1G mutants are the least stable
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5 ns, wild type   5 ns, Y2G  5 ns, Q3G  5 ns, L4G     5 ns, N6G  

10 ns, wild type   10 ns, Y2G  10 ns, Q3G  10 ns, L4G     10 ns, N6G 

a b c d e

Fig. 12 The snapshots of Sh2-St6 amyloid aggregate formed by
Insulin fragment (LYQLEN) and four of its mutants at the 5 ns mid-
point (top) and at the end (bottom) of 10-ns MD trajectory for: (a)

wild type, (b) Y2G, (c) Q3G, (d) L4G, and (e) N6G. While the wild
type is the most stable, the mutants Y2G and Q3G are the least
stable

5 ns, wildtype  5 ns, M1G    5 ns, V2G  5 ns, V5G   5 ns, V6G

 
10 ns, wild type    10 ns, M1G    10 ns, V2G  10 ns, V5G      10 ns, V6G 

 
a b c d e

Fig. 11 The snapshots of Sh2-St6 amyloid aggregate formed by Aβ
peptide fragment (MVGGVV2) and four of its mutants. The initial
structure is selected from polymorph II X-Ray structure. The snapshots
at the mid-point (top) and at the end (bottom) of 10-ns MD trajectory

for: (a) wildtype, (b) M1G, (c) V2G, (d) V5G, and (E) V6G. The
wildtype, V2G, and V6G are more stable than the other mutants,
presumably due to the bending of the strands in one of the layers
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Insulin amyloid (LYQLEN). Apparently, the mutated
aminoacids were involved in the steric zippers, which
were not only holding the β-sheets together, but also
preserving them from disaggregation. Inversely, the
complementarity of the aminoacids sidechains would be
essential for the formation of the ordered aggregate. On
the other hand, disordered random aggregation may take
place for any polypeptide studied in this work, as
suggested by the negative values of association free
energies, reported in the next section.

Free energy calculations

The binding free energies were calculated with the molecular
mechanics Poisson-Boltzmann solvent accessible surface area
(MM-PBSA)model [40], as implemented in AMBER. In this
method, the total binding free energy in water is approxi-
mated byΔGTOT ¼ ΔEGAS þΔGPB þΔGSUR. TheΔEGAS

is the gas phase interaction energy. The ΔGPB/GB is the
polar part of the solvation free energy represented by
Poisson-Boltzmann approaches. The ΔGSUR is the surface
area term, approximating the non-polar part of the
solvation free energy. In this formula, the conformational
entropy of the solute is not considered, while the solvent
entropy is implicitly considered in the ΔGPB and ΔGSUR.
Although the MM-PBSA calculations may overestimate
the absolute binding free energy due to the missing terms
(e.g., conformational entropy change of the solute upon
binding), they usually give a reasonable estimate on the
relative binding free energy when the conformational
entropy changes of two binding modes are comparable
[41].

The binding energy was calculated by MM-PBSA
method as specified in method section. The breakdown
of binding energy components is listed in Tables 5, 6, 7
and 8. The MM-PBSA analysis allows us to separate the

Table 5 Binding free energy components (kcal mol-1) and standard deviations calculated with MM-PBSA* for wild type and mutants of the tau
(VQIVYK) oligomer bi-layers (Sh2-St5 models)

Energy (Kcal/mol) Wild type Mutant -V1G Mutant -I3G Mutant –Y5G
Mean ±std Mean ±std Mean±std Mean±std

Δ Eelec. 446.47±24.29 396.40±49.64 379.36±22.97 396.29±39.45

Δ Evdw -101.84±4.74 -85.05±4.29 -89.53±4.29 -80.01±4.47

Δ Eint 0 0 0 0

Δ Egas 344.62±24.30 311.35±50.17 289.83±22.37 316.28±38.48

Δ GPB -404.42±23.24 -359.20±45.04 -331.30±19.30 -370.80±38.51

Δ Gsur -15.65±0.34 -14.05±0.48 -14.78±0.43 -13.68±0.33

Δ Gpolar 42.05±7.58 37.20±10.03 48.06±9.13 25.48±8.44

Δ Gnon-polar -117.49±5.08 -99.1±4.77 -104.3±4.72 -93.69±4.80

Δ GTOT -75.44±6.22 -61.91±9.29 -56.25±8.34 -68.20±7.04

* Evdw, and Eelec are the van der Waals and electrostatic binding terms. ΔGGB and ΔGsur are the solvation energies of polar and nonpolar residues,
calculated by Amber 10 using the Generalized Born model. ΔGpolar and ΔGnon-polar are the sums of polar energy (ΔEelec + ΔGPB) and non-polar
energy components (ΔEvdw + ΔGsur), respectively. ΔGTOT is the sum of ΔGpolar and ΔGnon-polar. ΔGTOT (the binding free energy can also be
obtained using the equation, ΔGTOT ¼ ΔEGAS þΔGPB þΔGSUR

Table 6 Binding free energy components (kcal mol-1) and standard deviations calculated with MM-PBSA (Amber PBSA) for wild type and
mutant complexes of the A-beta polymorphic form I (MVGGVV1) oligomer bi-layer (Sh2-St6 models)

Energy (Kcal/mol) Wild type Mutant- M1G Mutant -V2G Mutant -V5G Mutant -V6G
Mean ±std Mean ±std Mean ±std Mean±std Mean±std

Δ E elec. -214.20±16.40 -200.00±25.12 -262.67±30.24 -187.40±21.12 -239.17±29.63

Δ E vdw -94.88±5.58 -74.93±6.31 -76.93±4.85 -78.13±4.56 -81.06±5.58

Δ E int 0 0 0 0 0

Δ E gas -309.09±15.72 -275.62±24.88 -339.61±28.93 -265.53±20.19 -320.23±29.43

Δ G PB 230.47±55.68 222.67±23.68 265.34±26.56 199.03±18.34 244.04±28.33

Δ G sur -14.97±0.45 -12.97±0.76 -13.20±0.47 -13.19±0.49 -13.65±0.63

Δ G polar 16.27±52.64 21.98±8.22 2.66±8.03 11.63±6.42 4.87±7.37

Δ G non-polar -109.85±6.03 -87.90±7.07 -90.13±5.32 -91.32±5.05 -94.70±6.21

Δ GTOT -93.58±53.51 -65.91±6.36 -87.47±6.04 -79.69±5.17 -89.83±7.18
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total free energy of binding into electrostatic, van der
Waals interactions and solute-solvent interactions, and
thereby gain additional insights into the monomer to
monomer association process in the formation of the
double layer of the amyloid oligomers. As shown in
Tables 5 and 8, van der Waals interactions play a very
important role in the simulation, contributing significantly
more to the total interaction energy than the electrostatic
interaction for the Tau (VQIVYK) and Insulin (LYQLEN)
aggregates. In the case of Aβ oligomers, MVGGVV, the
electrostatic interactions constitute the main component of the
total interaction energy (Tables 6 and 7). Nonpolar solvation
energies favor the binding and the polar solvation energies
disfavor it in all the systems studied. Note that the internal
component of the molecular-mechanical energy (bond, angle,
and torsional energies) has zero contribution to the binding
free energy, because the structures of the monomers in its
unbound and bound states were assumed to be the same
(data not shown). Tables 5, 6, 7 and 8 also reports the apolar/

hydrophobic and polar/electrostatic contributions to the free
energy. We found that the predicted binding free energy is
dominated by the magnitudes of the apolar components
(ΔEvdw + ΔEsur) in all the four oligomers and their mutants.
In contrast, the polar interactions (ΔEelec + ΔGPB) show less
contribution to the binding free energy. The result of the
binding free energy calculation also indicated that the wild
type is the most stable structure compared to the mutants.
From the negative total binding free energy of the wild types
we clearly see that this is a favorable protein-protein
complex in pure water. The mutants also form a stable
complex based on the negative total binding free energy.
However, the mutant complex is less thermodynamically
favorable than the wild type complex. The calculation
indicated that the mutation of bulky polar side chain from
the steric zipper structure leads to the less stable dimer (see
example Tables 5, 6, 7 and 8) giving the mutant with
smallest binding free energy, and indicating that these
residues are important for stabilizing the structure.

Table 7 Binding free energy components (kcal mol-1) and standard deviations calculated with MM-PBSA (Amber PBSA) for wild type and
mutant complexes of the A-beta polymorphic form II (MVGGVV2) oligomer bilayers (Sh2-St6 models)

Energy (Kcal/mol) Wild type Mutant -M1G Mutant- V2G Mutant -V5G Mutant- V6G
Mean ±std Mean ±std Mean ±std Mean±std Mean±std

Δ E elec -641.67±38.91 -419.66±37.36 -592.76±33.31 -527.91±54.10 -544.54±26.74

Δ E vdw -132.12±7.26 -102.91±5.88 -98.90±6.73 -106.59±6.44 -117.32±6.79

Δ E int 0 0 0 0 0

Δ E gas -773.80±35.40 -522.57±35.91 -691.66±33.23 -634.50±54.88 -661.86±24.16

Δ G PB 631.05±33.17 432.44±32.78 580.15±27.02 530.17±49.25 538.05±22.21

Δ G sur -22.81±0.32 -19.16±0.38 -19.83±0.63 -19.51±0.38 -20.52±0.36

Δ G polar -10.62±10.21 12.78±9.91 -12.61±10. 51 2.26±10.51 -6.50±10.27

Δ G non-polar -154.93±7.58 -122.07±6.26 -118±7.36 -126.10±6.82 -137.84±7.15

Δ GTOT -165.56±7.57 -109.29±7.85 -131.34±9.80 -123.84±9.09 -144.33±7.47

Table 8 Binding free energy components (kcal mol-1) and standard deviations calculated with MM-PBSA (Amber PBSA) for wild type and
mutant complexes of the insulin (LQYLEN) oligomer bi-layers (Sh2-St6 models)

Energy (Kcal/ mol) Wild type Mutant – Y2G Mutant – Q3G Mutant –L4G Mutant – N6G
Mean ±std Mean±std Mean±std Mean±std Mean±std

Δ Eelec 298.79±36.86 374.35±30.91 359.94±33.49 327.50±36.68 304.01±36.57

Δ Evdw -105.15±4.97 -80.86±4.71 -87.77±5.63 -86.63±4.87 -91.68±5.30

Δ Eint 0 0 0 0 0

Δ Egas 193.65±35.14 293.49±30.22 272.16±33.19 240.87±36.64 212.32±34.90

Δ GPB -280.31±32.94 -362.93±26.10 -345.09±33.94 -307.99±33.68 -289.87±34.98

Δ Gsur -16.58±0.32 -14.11±0.48 -15.08±0.43 -15.27±0.42 -15.36±0.48

Δ G polar 18.48±8.39 11.41±8.26 14.85±6.86 19.50±8.27 14.14±7.59

Δ G non-polar -121.73±5.29 -94.97±5.19 -102.85±6.06 -101.90±5.29 -107.85±5.78

Δ GTOT -103.24±6.30 -83.56±7.25 -88.00±6.07 -82.40±7.42 -92.91±6.26
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The widely accepted hypothesis on the amyloid
disease is that soluble protein oligomers are the source
for toxicity and are the primary pathogenic factor in
these diseases and thus small molecules that prevent or
reverse protein oligomerization may provide a mecha-
nism to target the actual cause of the disease [42, 43].
Peptidomimetics are a promising class of small molecules
capable of inhibiting oligomerization. Most fibrillogenesis
inhibitors of this type were designed rationally based on
molecular recognition elements found in the site of
aggregation [44]. Identification of this aggregation site is
often based on the mutational data. Such data helps to
pinpoint the small regions on the protein interaction
interface that are responsible for a disproportionate
contribution to the binding energy of the two proteins
[45–47]. In this work we have shown that most mutations
at the aggregation site reduce the binding free energy and
weaken the aggregation. Therefore, the computational
studies can serve the same purpose of the rational design,
as experimental mutation studies.

Another potential application of the presented approach
is design of imaging agents. The progress in therapeutic
agents for treatment of neurodegenerative amyloid diseases
calls for development of more specific biomarkers to detect
early stages of amyloid diseases [48]. Design of peptidomi-
metics based on the data obtained in the molecular dynamic
simulation may provide the starting point for design of
specific aggregation inhibitors drugs and diagnostic agents.
Both structural and thermodynamic results reported in this
study illustrate the higher fluctuation in RMSD values and
less negative binding free energies for the mutated peptides.
These mutants, therefore, may serve as aggregation inhib-
itors pending the experimental confirmation.

Conclusions

The major findings of this study can be summarized as
follows:

(i) the stability of the VQIVYK, MVGGVVand LYQLEN
peptides oligomers increases with increasing the
number of β-strand;

(ii) the Sh2-St4 model acts as a stable seed in prompting
amyloid fibril formation for all the cases considered;

(iii) the binding energy calculated by MM-PBSA method
and the analysis of individual contributions to the
binding energy shows the hydrophobic interactions
play an important role in stabilizing the structural
organizations between β-sheet layers in the
oligomers. The result of the binding free energy
calculation also indicated that the wild type is the
most stable structure compared to the mutants;

(iv) the hydrophobic steric zipper on the intersheet
interface contributes significantly to the stability of
the entire aggregate structures. Mutations of the side-
chains participating in the steric zipper interfaces of
the oligomeric (VQIVYK, MVGGVV1 and LYQ-
LEN) peptides to Gly resulted in decline of secondary
structure content compared to corresponding wild
type indicating that the role of the replaced amino
acid in stabilizing the structure;

(v) a single glycine substitution at the steric zipper
interface disrupts the hydrophobic steric zipper re-
markably, indicating that the hydrophobic attraction is
a major driving force for stabilizing and aggregation
of oligomers. Consequently, the substantial reduction
in the van der Waals intersheet interactions leads to
destabilization of the oligomers. Overall, aggregation
of both wild type and mutant peptides is driven by
nonpolar interaction.

Some evidence from the experimental work suggests
that short peptides may share similar intermolecular
interactions to their parent proteins while forming
amyloid fibril [49]. Thus, exploring the structural stability
and aggregation behavior of the short peptides may gain
insights into the self-assembly process at the early stage of
fibril formation and provide a clue to understand the
possible aggregation mechanism of their parent proteins.
The hexapeptide NFGAIL, a fragment truncated from
human islet amyloid polypeptide (hIAPP, residues 22–27),
is one of the shortest fragments that have been shown to
form amyloid fibrils similar to those formed by the full
polypeptide [49] and the fibrils are cytotoxic toward the
pancreatic cell line. Therefore, this hIAPP “amyloid-core”
peptide has been used as a simplified model system to
facilitate the discovery of key factors underlying amyloid
fibril formation and the development of anti-amyloid
agents. Porat et al. [50] showed that whereas the NFGAIL
was a minimal fibril forming fragment from hIAPP with
Tyr substituted for Phe (i.e., 22NFGAILSS29 to
22NYGAILSS29 did not form fibrils by itself and even
inhibited fibril formation. Along these lines one can
envision a possible strategy to inhibit the formation of
early aggregates that includes the design of specific
inhibitor, breaking the hydrophobic steric zipper observed
in the structure of hydrophobic region of the amyloid
aggregate. Proof of principle for such a strategy has been
published recently [51, 52]. Thus, designing new pepti-
domimetic inhibitors able to prevent the fibril formation
based on the steric zipper motif of the oligomers, similar
to the ones examined in this study may become a viable
therapeutic strategy. The peptidomimetic approach can
also be implemented in designing specific biomarkers for
early stage detection of aggregate formation [52, 53].
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