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Abstract
The misfolding and self-assembly of the amyloid-beta (Aβ) peptide into aggregates is a molecular
signature of the development of Alzheimer’s disease but molecular mechanisms of the peptide
aggregation remain unknown. Here, we combined Atomic Force Microscopy (AFM) and
Molecular Dynamics (MD) simulations to characterize misfolding process of an Aβ peptide.
Dynamic force spectroscopy AFM analysis showed that the peptide forms stable dimers with the
lifetime of ~1 s. During MD simulations isolated monomers gradually adopt essentially similar
non-structured conformations independent from the initial structure. However, when two
monomers approach their structure changes dramatically and the conformational space for the two
monomers become restricted. The arrangement of monomers in antiparallel orientation leads to the
cooperative formation of β-sheet conformation. Interactions, including hydrogen bonds, salt
bridges and weakly polar interactions of side chains stabilize the structure of the dimer. Under the
applied force, the dimer, as during the AFM experiments, dissociates in a cooperative manner.
Thus, misfolding of the Aβ peptide proceeds via the loss of conformational flexibility and
formation of stable dimers suggesting their key role in the subsequent Aβ aggregation process.
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INTRODUCTION
Understanding the molecular mechanism of protein misfolding and self-assembly into
amyloid aggregates and fibrils is a problem of great importance. Spontaneous aggregation is
observed with almost any protein1. Self-assembly of proteins into amyloid aggregates leads
to the development of a number of devastating neurodegenerative diseases, including
Alzheimer’s, Parkinson’s, and Huntington’s diseases, amyotrophic lateral sclerosis, frontal
temporal dementia, and the human prion diseases1. Studies during past decade, using X-ray
fibril diffraction2, solid state NMR3, and spectroscopic methods4,5, showed that the structure
of proteins within fibrils is entirely different from that of the non-aggregated proteins in
solution. The presence of β-sheet structure is a common feature of amyloid fibrils. Amyloid

*Correspondence should be addressed to: S.L. slovas@creighton.edu. Y.L. ylyubchenko@unmc.edu.

Supporting Information Available
Table with RMSIP values for monomer simulations. Additional figures for analyses of monomer simulations. Additional figures for
analyses of dimer simulations. Detailed method for additional dimer simulations. Figures for analyses of additional dimer simulations.
This information is available free of charge via the Internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
J Phys Chem B. Author manuscript; available in PMC 2014 May 23.

Published in final edited form as:
J Phys Chem B. 2013 May 23; 117(20): 6175–6186. doi:10.1021/jp402938p.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


β (Aβ) peptide is non-structured in aqueous solution but in fibrils it forms a β-strand - loop -
β-strand structure, so that only the first 10 residues of Aβ(1–40) are not structured6–8.
Studies so far suggest that the formation of amyloid aggregates requires a substantial change
of protein conformation, but no mechanism has been suggested.

Molecular dynamics (MD) simulations are also used to explore both the conformation and
aggregation of Aβ peptides of various sizes. For example, it was shown that the Aβ(16–22)
fragment adopts diverse conformations, including random coil, β-strand or α-helix9,10 and
polyproline II structure11. Using replica exchange MD simulations to study the interaction
of the monomeric Aβ (16–22) peptide with preformed structured oligomers (4–6 monomers)
it was shown that an unstructured monomer docks to structured oligomer and adopts the
conformation of those of the peptides in the nucleus of aggregates10. Simultaneously, the
nucleus itself undergoes conformational changes to accommodate the entering peptide.
Recently, MD simulations, using a coarse-grained force field, showed that, an early stage
oligomerization of Aβ (1–28) peptide12 is initiated in the N-terminal regions and that this is
accompanied by change of the C-terminal α-helical conformation to β-sheet.

The progress of experimental studies of oligomerization of Aβ peptides and other proteins is
rather modest and primarily limited to the analysis of kinetics of the oligomerization.
Numerous observations indicate that oligomers rather than fibrils are toxic in in vivo
experiments13–15. Studies of different systems with various techniques showed that the
formation of dimers as transient species for further aggregation is common16,17.
Additionally, it was shown18 that dimers of Aβ-peptide are the most abundant species in the
brain of Alzheimer’s disease patients and they induce neuritic degeneration in vivo. We
have developed an AFM force spectroscopy approach for the study of protein misfolding
and inter-molecular interactions19 and have shown that the strength of inter-protein
interactions correlates with the propensity of proteins to aggregate20,21. Extension of this
approach to single molecule level enabled us to employ the dynamic force spectroscopy
(DFS) methodology22 to characterize properties of transient dimeric states of misfolded α-
synuclein23,24 and Aβ peptide19,25. The dimeric complexes formed by these misfolded
proteins are stable and dissociate characteristically in seconds. This is strikingly different
from the conformational changes in the structures of monomers which occur in the
microseconds-nanoseconds, suggesting that dimerization is the mechanism by which the
misfolded state of proteins is stabilized19. Therefore, we propose that formation of dimers is
the key step in initiation of aggregation and that dimers are the building blocks for the
aggregation process. However, the mechanism underlying the formation of dimers and their
structures in misfolded transient states remain unclear.

To address these questions, we combined AFM force spectroscopy and MD simulations to
characterize the misfolding and aggregation process for Aβ peptide. We selected the 13–23
segment (HHQKLVFFAED) of Aβ since it contains the region Aβ(16–20), which is crucial
for Aβ fibril formation and mediates the strongest Aβ-Aβ binding26,27. The N-terminal
His13 was replaced with Cys to use as an anchor for a site specific immobilization of the
peptide and the derivative is referred to as Aβ(13–23). The AFM experiments demonstrate
that the peptide spontaneously forms amyloid fibrils. DFS analysis shows that the peptide
dimers are stable with a lifetime of ~1 s. The MD simulations revealed that the peptide
contains a β-turn/bend segment that refolds to a β-sheet conformation when two monomers
approach and form a stable dimer structure in an antiparallel orientation. Steered MD
simulation was applied to analyze the rupture process for the dimer. The results demonstrate
that the individual peptide chains under the applied force undergo structural transition,
which is accompanied by the sharp rupture of the dimer. A molecular mechanism is
proposed for the protein misfolding and aggregation.
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METHODS
Sample preparation for AFM force spectroscopy

Peptide immobilization on tips and mica sheets was as described recently in references 23
and 24. Briefly, silicon nitride (Si3N4) AFM tips (Veeco, MODEL: MSNL) were cleaned in
98% of ethanol and then irradiated by UV for 30 min. Then the AFM tips were immersed
into 167 μM MAS aqueous solution for 3 h followed by multiple thorough rinsing with
deionized water. For covalent attachment of the peptide to MAS functionalized tips, 19 nM
peptide in pH 7.0 HEPES buffer was reacted with 0.25 mM TCEP hydrochloride for 10 min
and the MAS-functionalized tips were immersed into this solution for 1 h. After the tips had
been rinsed with the dilution buffer and NaCO3/NaHCO2 (pH 10) buffer, unreacted
maleimide was blocked by treatment with 10 mM β-mercaptoethanol for 10 min at room
temperature. The functionalized probes were washed with pH 7.0 HEPES buffer and stored
in the same buffer until use. Typically, the storage time was less than 24 h.

Mica sheets were cut into ~1.5 cm×1.5 cm squares. The freshly cleaved mica surfaces were
treated with APS for 30 minutes followed by the reaction with 167 μM NHS-PEG-SCM in
DMSO for 3 hours. The mica squares were then rinsed repetitively with DMSO and then
double distilled water to remove non-bound NHS-PEG-SCM and dried with a stream of
argon gas. The peptide preparation and next steps were the same as described above for the
AFM tips. The prepared mica squares were stored in pH 7.0 HEPES buffer until use.
Typically, the storage time was less than 24 h.

AFM imaging
The Aβ(13–23) stock solution (3.74 mM) in DMSO was diluted to the concentration 100
μM in pH 5 buffer (a mixture of 1 mM Na2HPO4 and 0.94 mM Citric acid) and incubated at
37 °C for one day. The 10 μl of aliquots were placed on a freshly cleaved mica to allow the
sample to adhere to the surface for 5 min. The unbound sample was rinsed with 100 μl of
double-distilled water for three times, dried with a stream of argon gas and stored in vacuum
oven at 25 °C overnight for fully dehydration. The images were acquired with Multimode
AFM equipped with Nanoscope IIId controller (Veeco Inc., Santa Barbara, CA, USA)
operating in tapping mode at ambient conditions. Silicon tip with spring constant as 40 N/m
were used (Veeco Inc., Santa Barbara, CA, USA).

Molecular dynamics (MD) simulations
Simulations of monomer structures: The MD simulations were performed using the
GROMACS 4.5.4 package28 by modifications of previous methods29,30 and using the
OPLS-AA/L force field31. Three initial structures of Ac-[Cys13]Aβ(13–23)-NH2 for the
simulations were derived using experimental Aβ structures from the protein data bank
(PDB)32: The structure with PDB id. 1HZ333 was used for simulation I (simI), with PDB id.
1Z0Q34 was used for simulation II (simII) and the solid state NMR structure of Aβ(1–40) by
Petkova and associate35 was used for simulation III (simIII). The N-acetyl and amide
capping groups were added to the N and C-terminus, respectively, in order to preserve the
electronic structure of the backbone as in the full length Aβ. Peptides were solvated with
1200, 1520 and 5070 TIP4P water molecules36 for simI, simII and simIII, respectively, in a
truncated octahedron so that the minimal distance of the peptide from edge of the
octahedron was minimum 1 nm. Charged side chains of peptides were neutralized by
replacing water molecules with Na+ for Asp and Glu and Cl− for Lys residues at the
positions of the first atoms with the most favorable electrostatic potential. Systems were
subjected to 1000 steps steepest descent energy minimization and then to 100 ps NVT,
constant number of molecules, of volume and of temperature (300 K) simulation so that the
position of the peptide was constrained at the center of the octahedron with a force constant
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of 1000 kJ mol−1. Then, the three different initial starting structures were submitted to 200.2
ns NPT constant pressure (1 bar) and constant temperature (300 K) simulation. The
following parameters were used for the simulations: integration step was 2 fs and snapshots
of trajectories were saved at every 20 ps., the non-bonded interactions list was updated
following every 10 steps; the LINCS algorithm37 was used to constrain all bonds to their
correct length, with a warning angle of 30°; the peptide and solvent with ions were coupled
to separate temperature baths with a relaxation constant of 0.1 ps; the peptide and solvent
with ions were coupled separately to constant pressure using Berendsen scaling38 with a
relaxation constant of 1.0 ps and 4.5 × 10−5 bar−1 isothermal compressibility. Coulomb
interactions were calculated using a twin-range cutoff with reaction-field correction
methods. The dielectric constant of the system was set to 78.0 beyond 1.4 nm. The short-
range cutoff was 0.9 nm. For the calculations of Van der Waals interactions the short-range
and long-range cutoff, respectively, was 0.9 and 1.4 nm and dispersion correction was
applied.

Analysis of trajectories: The first 0.2 ns of the trajectory was considered as an equilibration
period and was omitted from the analysis. The secondary structures explored during the
simulations by Ac-[Cys13]Aβ(13–23)-NH2 were analyzed using the defined secondary
structure of proteins (DSSP) method39. The φ and ψ torsional angles for each residues was
determined using the g_rama utility of GROMACS. The R 2.14.0 program40 and in-house
written R-script was used for data processing and drawing the Ramachandran plot following
the methodology of Lovell and associates41. The number of intramolecular hydrogen bond
was determined by using the g_h-bond utility of GROMACS. The root mean square
deviation (RMSD) of backbone atoms and the radius of gyration (Rg) of the peptide chain
was determined by the g_rms and g_gyrate, respectively, utility of GROMACS. Trajectories
were submitted to cluster analysis by the GROMOS method of clustering42 using backbone
RMSD cutoff of 0.1 nm.

To determine if the peptide explores similar conformational space during simI, simII and
simIII, trajectories were compared by using essential dynamics analysis and calculating
pairwise root mean square inner product (RMSIP) of eigenvector of trajectories43.
Covariance matrix was calculated using the g_covar command of GROMACS, the
eigenvectors corresponding to the ten highest eigenvalues were used to calculate the RMSIP.
The RMSIP was calculated using equation for entire systems and individual monomers:

where ηi and νj are the eigenvectors of two independent simulations.

Simulation of the dimer structure: The dimer structure of the peptide in parallel
arrangement was made from the central structure of the largest cluster of simIII (Fig. 3b) so
that the x, y and z distances between the two chain were 1.5 nm, 0.5 nm and 0.1 nm,
respectively. The individual chains were assigned as chain A and B. The dimer was solvated
in a truncated octahedron with 3239 TIP4P water molecules so that the minimal distance of
the peptide from edge of the octahedron was minimum 1 nm. Four Na+ and two Cl− ions
were added to the systems to neutralize charges by replacing water molecules with Na+ for
Asp and Glu and Cl− for Lys residues at the positions of the first atoms with the most
favorable electrostatic potential. The system was subjected to 1000 steps steepest descent
energy minimization and then to 100 ps NVT simulation at 300 K so that the position of the
dimer was constrained at the center of the octahedron with a force constant of 1000 kJ
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mol−1. Then the system was submitted to 400.2 ns NPT simulation at 1 bar pressure and 300
K temperature. The rest of the parameters were the same as those of the monomer
simulations. Two additional long-time simulations of the dimer structure, using two different
force fields, were performed and the details are in the Supplementary Material.

Analysis of the trajectory of dimer simulation: The DSSP analysis, inter chain hydrogen
bonds determinations and the radius of gyration calculation were performed as for the
monomer simulations. Inter chain salt bridges were determined using trajectory analysis tool
of the VMD package44. To determine the parallel or antiparallel orientation of the chains,
the distance between the center of mass of Cys13 of chain A (COM13A) and center of mass
of Cys13 of chain B (COM13B) was calculated using the g_dist command of GROMACS.
The first 200 ns trajectory and the last 50 ns of trajectory were submitted to cluster analysis
using the GROMOS method of clustering42 and backbone RMSD cutoff of 0.1 nm. The
angle and distance between the plains of the aromatic side chains of Phe were calculated to
determine whether aromatic-aromatic (Ar-Ar) interactions exist between two residues. The
plane of the Phe side chain ring was defined by CD1, CD2 and CZ atoms. The distance
between two rings was the distance between the centers of mass of the aromatic side chain
rings of Phe residues. Ar-Ar interactions were assumed when the distance was less than 0.7
nm and the angle between the was greater than or equal to 33° and less than or equal to
150° 45. The aromatic-backbone (Ar-bb) interactions were determined by calculating the
angle and distance between the plane of aromatic ring of Phe and either the Cα-Hα vector or
N-Hα vector of any other residue46. The aromatic-CH (Ar-CH) interactions were determined
by calculating the angle and distance between the plane of aromatic ring of Phe and the Cβ-
Hβ vector.

Steered Molecular Dynamics (SMD) simulations: The central structure of the largest
cluster from the first 200 ns and the last 50 ns of the dimer simulation were used for steered
molecular dynamics (SMD) simulations. Dimer structure was solvated in a cubic box of
6.555 nm × 4.376 nm × 18 nm with 16766 TIP4-P water molecules. Four Na+ ions and two
Cl− ions were added to the systems to neutralize charges by replacing water molecules with
Na+ for Asp and Glu and Cl− for Lys residues at the positions of the first atoms with the
most favorable electrostatic potential. 100 ps NPT MD simulation was performed at 300 K
with Berendsen method for temperature and pressure coupling and the position of the dimer
was constrained at the center of the box with a force constant of 1000 kJ mol−1. During
SMD simulations, the position of COM13B of the dimer was fixed and the COM13A was
attached to a harmonic spring with spring constant of 1000 kJ mol−1 nm−2 and pulled along
the z-axis (Figure 5a) at 5 nm/ns rate with simulation time of 1.4 ns. The final distance
between COM13A and COM13B was 7.865 nm. The peptide and solvent with ions were
separately coupled to 1 bar Parrinello-Rahman barostat47,48 and 300 K Nose-Hoover
thermostat49,50. The long-range electrostatic interaction was calculated using the PME
method with 0.9 nm cutoff distance and 0.12 nm Fourier spacing. The rest of the parameters
were the same as above.

Umbrella sampling simulations: Umbrella sampling simulations51–53 were used to
determine the energy of binding (ΔGbindA,B) of chain A to B. From the trajectory of the 5
nm/ns SMD simulation, along the z-axis (Figure 5a), 31 snapshots were taken as starting
configurations for umbrella sampling simulations. In these snapshots the distance between
COM13A and COM13B (ξ reaction coordinate) was increased by 0.25 nm step-wise. Each
of the umbrella windows was simulated for 20 ns. 1000 kJ mol−1 nm−2 umbrella potential
was imposed in each window. The peptide and solvent with ions were separately coupled to
1 bar Parrinello-Rahman barostat and 300 K Nose-Hoover thermostat. The long-range
electrostatic interaction was calculated using the PME method with 0.9 nm cutoff distance
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and 0.12 nm Fourier spacing. The rest of the parameters were the same as above. The
weighted histogram analysis method (WHAM)54–56 was used to determine the one-
dimensional potential of mean force (PMF) curve. The value of ΔGbind was taken as the
difference between the highest and lowest values of the PMF curve.

Software
Structure manipulations, data analyses and visualization were done using the analysis suite
of the GROMACS51 package, the VMD44 and YASARA (www.yasara.org) packages.

RESULTS
Misfolding and aggregation of Aβ(13–23): Single molecule AFM studies

To test the ability of Aβ(13–23) to form amyloid fibrils, a solution of the peptide (100 μM)
was prepared for the self-aggregation at room temperature. Aliquots of the solution were
analyzed with AFM. Figure 1 shows a typical image for a sample incubated for 24 hours.
The sample prepared under these conditions contains primarily fibrils of different lengths
but rather uniform heights. Thus, Aβ(13–23) is capable of spontaneous self-assembly into
amyloid fibrils.

To characterize interactions during the initial stage of self-assembly process, we applied an
AFM force spectroscopy approach in which the peptide molecules are immobilized on the
AFM tips and on the mica surface (Figure 2a) at the N-terminal Cys residues via long
flexible polymeric tethers to facilitate proper orientation of the peptides at the approach
stage. The flexible tether with a Gauss-distributed random coil conformation allows the
tethered peptides to find the optimal orientation. The ends of the tether move independently
from each other eliminating potential restriction of the mobility of the peptide attached at
one end of the tether relative to the another end attached to the surface. The ability of the
peptide to form a dimer was characterized by measuring the strength of inter-peptide
interaction in multiple approach-retraction cycles (see review in ref. 19 and references
therein). A typical force curve illustrating the rupture event, indicated with an arrow, is
shown in Fig. 2b. The extension of the tether is approximated by the worm-like chain
model19 shown in the figure as a black line. The ΔF value in this figure corresponds to the
force required for the rupture of the peptide dimer. The probing was performed over various
positions on the AFM substrate and the results of such multiple measurements are assembled
as a histogram shown as inset in Figure 2b. The distribution has a single peak suggesting a
single molecule detection of inter-peptide interactions and, thus, the strength of the
interactions in dimers formed by the peptides at the approach step is measured.

To characterize the stability of Aβ(13–23) dimers, the dynamic force spectroscopy (DFS)
method was applied. In this approach, the probing is performed at different pulling rates
(103 pN s−1–105 pN s−1) and after the extrapolation of the data to the zero pulling rate the
off-rate constant is determined (see ref.19 and references therein). The results of the DFS
analysis for Aβ(13-23) are shown in Figure 2c. The experimental data fitted to a straight line
and the intercept value for this plot provide the value for the off-rate constant 0.94 ± 0.84
s−1 or 1.06 ± 0.95 s for the dimer lifetime. A similar approach applied to Aβ40 peptide and
α-synuclein led to values for the lifetimes in the same range, suggesting that this incredibly
long lifetime for transient dimers is a general phenomenon for amyloid proteins19.

MD simulations: The structure of monomer
Conformational properties of Aβ(13-23) both in monomeric and dimeric forms was studied
by MD simulations. First, the structural dynamics of the peptide in monomeric form was
studied using three different initial structures (Figure 3a). Initial structures for I, II and III
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are essentially random meander, α-helix and fully extended β-sheet conformation,
respectively. Central structures (Figure 3b) of the largest cluster of structures from the 200
ns trajectories adopt different conformations from those of the starting structures and are
rather similar (Supplementary Figure S1). Intra-molecular interactions, such as hydrogen
bonds (yellow dotted lines) between His14- Leu17 and Gln15 - Val18 in structure III, are
formed to stabilize a β-turn structure (Figure 3b).

The similarities between the conformational spaces that the peptide explores in the three
independent simulations is further supported by the high root mean square inner product
(RMSIP) values for the first 10 eigenvectors of simulations I – III (Supplementary Table
S1). The DSSP analysis39 (Supplementary Figure S2) reveals that the peptide structure is
flexible and assumes various conformations, but in each trajectory, similar conformational
space is explored as shown by the Ramachandran plots (Supplementary Figure S3). The
Radius of gyration (Rg) and root mean square deviation (RMSD) (Supplementary Figures.
S4 and S5, respectively) indicate that the peptide has flexible conformations and follows a
different folding-unfolding path. Rg (Supplementary Figure S4) demonstrates that
geometrically compact structures with average Rg ≈ 0.62 nm are formed during each
simulation. The mean RMSD value for simI and simII are ~ 0.4 nm, while ~ 0.8 nm for
simIII (Supplementary Figure S5). The high RMSD values show that the peptide assumes
substantially different conformations from those of the initial structures.

Overall, the MD simulations show that the structure of Aβ(13-23) is flexible in aqueous
solution in monomeric form and residues 4–9 are in the turn/bend conformation. Regardless
of the different initial configurations, all initial structures eventually converge to a
conformation in which residues 4–9 form a turn. Furthermore, during simulations, the
peptide did not adopt a fully extended β-sheet type conformation.

MD simulation of the structure of dimer
Next, we considered how the conformation of the peptide changes when it interacts with
another peptide chain. We selected the central structure of the largest cluster of simIII
(Figure 3b) and placed monomers A and B in a parallel arrangement so that the minimal
distance between the two chains was ≥ 1.5 nm. To follow the relative orientation of the two
monomers, the distance between the center of mass of Cys13 of monomer A (COM13A) and
center of mass of Cys13 of monomer B (COM13B) was plotted for the 400 ns MD
simulation (Figure 4). During the initial 50 ns period, the distance fluctuates at 1.5 nm and
the peptide chains retain their initial conformations (structures 1 and 2 on Figure 4a; and
Supplementary Figure S6). Between 50 ns and 200 ns, the two Cys residue approach and the
distance between COM13A and COM13B fluctuates at 0.5 nm. The secondary structure of
the two chains resembles that of the initial and is more stable than it was during the
simulations of the monomer (Supplementary Figures S2 and S6). Between 200 ns and 300
ns the two monomers move apart and their orientation changes to antiparallel (structures 4
and 5 on Figure 4a). After 350 ns, this rearrangement results in the formation of a stable
antiparallel β-sheet conformation (structures 6 on Figure 4a; Supplementary Figure S6). The
structural transition of the dimer is further demonstrated during the synchronous change of
the distance between COM13A and COM13B by a sudden increase and decrease of the
radius of gyration (Supplementary Figure S7). Changes in inter-molecular interactions
closely follow the structural transitions and the formation of antiparallel β-sheet
conformation results in the lowest interaction energy state (Figure 4b). The central backbone
structure of the largest cluster of the last 50 ns of the MD simulation is shown in Figure 4c.
Thus, the intermolecular interactions of monomers triggered conformational changes within
the individual peptide chain which lead to the formation of the antiparallel β-sheet structure.
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The MD results provide insight to the interactions which stabilize the structure of the dimer.
During the first 200 ns of the simulation, the monomers within the dimer are held together
by hydrophobic interactions, by hydrogen bonds between Phe19 of monomer A and Gln15
of monomer B, between the two Cys residues (Supplementary Figure S8), and by aromatic-
aromatic (Ar-Ar) interaction between Phe19 of monomer A and Phe20 of monomer B
(Supplementary Figure S9a). Later (320 ns), the antiparallel β-sheet conformation is formed
and stabilized by four hydrogen bonds between residues His14 of monomer A and Phe19 of
monomer B and between Lys16 of monomer A and Leu17 of monomer B (Figure 4c).
Additional stabilization is provided by a salt bridges between Lys16 of monomer A and
Asp23 of monomer B, between His14 of monomer A and Glu22 of monomer B, an
aromatic-backbone (Ar-bb) interaction between Phe19 of monomer B and the backbone of
His14 and Gln15 of monomer A (data not shown), and an aromatic-CH (Ar-CH) interaction
between Phe19 of monomer B and CβH groups of His14 of monomer A (Supplementary
Figure S9b). The change from Ar-Ar interaction to Ar-CH interaction coincides with the
switching of the orientations of monomers from parallel to antiparallel (Figure 4 and
Supplementary Figure S9).

Steered MD simulation of the force-induced rupture of the dimer
To analyze the stability of the structure of the dimer, we used SMD simulation to examine
the force-induced dissociation of the dimer. The dimer was pulled apart by applying external
forces to the center of mass of Cys13 of monomer A at a constant rate 5 nm/ns (Figure 5a).
This led to the clear rupture event characterized by the force curves (Figure 5b and c). The
force-distance curve (Figure 5c) shows that the rupture event occurred at 2.6 nm distance
between the center of mass of the two Cys residues, corresponding to a force of ~ 1000 pN.

Figure 6 shows the force-induced dissociation pathways of the dimer. The initial segment of
the force curve prior to the rupture event (0 ns – 0.48 ns, 0 – 2.6 nm in Figure 5b and c)
corresponds to change in orientation of the dimer (models 1 to 3 in Figure 6a) and loosing
inter-peptide H-bonds (Figure 6b). The major peak of the force curve in Figure 5
corresponds to the cooperative rupture of H-bonds in the time scale between 0.48 ns and
0.49 ns (models 2 to 4 in Figure 6a). From that point, chains of both monomers A and B
slide past each other along the direction of the applied force. At 0.54 ns (model 6 on Figure
6c; 3.1 nm distance between the center of mass of the Cys residues in Figure 5c) the salt
bridge between His14 of monomer A and Glu22 of monomer B ruptures (data not shown).
However, the salt bridge between Lys16 of monomer A and Asp23 of monomer B exists for
much longer and essentially this is the last inter-peptide interaction that breaks. Models in
Figure 6c illustrate this process and the time-dependent changes in the distance between the
centers-of-mass of εNH3

+ of Lys16 of monomer A and βCOO- of Asp23 of monomer B
(Figure 6d). Figures 6e and f show the time-dependent variation of the dimer structure with
focus on the aromatic interactions. Snapshots of various structures along the force curve are
shown in Figure 6e and the graph illustrating the increase in the distance between the CβH
group of His14 of monomer A and the center of the phenyl ring of Phe19 of monomer B is
shown in Figure 6f. The rupture of this interaction corresponds to the minor peak between
0.6 and 0.7 ns on the force curve (Figure 5b).

In an additional SMD simulation, the dimer was the central structure of the largest cluster
from the first 200 ns of the trajectory (structure 3 in Figure 4a). In this dimer, the chains
have β-turn/bend conformations in a parallel orientation (Supplementary Figure S10a). The
force curve (Supplementary Figure S10b) did not show a single characteristic rupture event.
This further indicates that in AFM experiments the dimer is in antiparallel β-sheet
conformation.
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Energetics of the dimer rupture: Umbrella sampling simulations
We used umbrella sampling simulations51–53 to determine the one-dimensional Potential of
Mean Force (PMF) curve along the ξ reaction coordinate and to calculate the free energy of
binding (ΔGbindA,B) between monomers (Figure 7). The umbrella histrograms and PMF
curve (Figure 7) were obtained using the method of Weighted Histogram Analysis
(WHAM)54–56. At large distance between COM13A and COM13B (ξ > 5nm) the PMF
curve is flat and it was selected as the zero reference point. At 2.6 nm ≤ ξ ≤ 2.9 nm region
the PMF curve is flat and it corresponds the main rupture event (See Figure 5b and c).
Therefore, the main rupture is accompanied by ΔG1

bindA,B= −49.52 kJ/mol and the
subsequent dimer dissociation has ΔG2

bindA,B= −35.93 kJ/mol changes. ΔG1
bindA,B

corresponds to breaking of H-bonds and salt bridge between His14 of monomer A and
Glu22 of monomer B. Whereas, ΔG2

bindA,B is the free energy change associated with the
breaking of weakly polar interactions and a salt bridge between Lys16 of monomer A and
Asp23 of monomer B. Overall, a ΔGbindA,B of −85.45 kJ/mol suggests that the interaction
between the monomers in the dimer is strong. The uneven distribution of the umbrella
histograms at 2.0 nm ≤ ξ ≤ 3.0 nm indicates that during the SMD simulation, before and
after the major rupture peak the number of inter-chain interactions in neighboring umbrella
windows vary substantially and change quickly, so the probability of configuration
exchange between the windows is low.

DISCUSSION
In our recent model of amyloid aggregation, the misfolded state of amyloid proteins,
including Aβ-peptides, is stabilized by the formation of dimers19. The model supported by
the AFM force spectroscopy studies demonstrates that the dimers are characterized by
lifetimes as large as seconds. However, the structure and mechanism of formation of
misfolded dimers remained unclear. In this work we showed that isolated monomers had
characteristic conformational features that differ from those of in aggregated or fiber state.
However, substantial changes in the peptide structure were observed when the two
monomers interacted to form a dimer. The formation of an antiparallel β sheets was detected
after a series of conformational transitions within each monomer (Figure 4). The dimer is
only stable when the two monomers are in antiparallel orientation. Steered MD simulation
showed that individual peptide chains under the applied force undergo a structural transition
which is accompanied by sharp rupture of the dimer. This is in agreement with AFM
experiments.

Structure and dynamics of the peptide
On the basis of earlier MD simulations, the conformations of short Aβ fragments were
considered to be in random coil57,58 or polyproline II structures59,60. For Aβ (1–28) it was
shown that residues 13–21 have a high propensity for α-helical conformations in the
monomeric state12. During our monomer simulations, Aβ (13–23) initially assumed a 310-
helix conformation at residues 14–17 and then converted to a β-turn/bend and random
meander conformations. Since the sequence of the peptide here is shorter than in the work of
Rojas and associates12, a stable helical conformation is not expected, but rather, a flexible
structure that inter-converts between different conformational types. The three different
initial conformations for the peptide were selected from known experimental amyloid β
structures and over time all three converged to similar conformations. In the antiparallel β-
sheet structure, the N-terminal Cys residue neither formed any intra-molecular interactions
nor participated in formation of any secondary structures and, therefore, was an appropriate
anchoring group for the AFM experiments.
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During REMD simulations of the structure of Aβ (16–22) dimer by Gnanakaran and
associates, six different low energy structures occurred between 275 K and 510 K60. The
individual chains did not prefer any particular secondary structure and both parallel and
antiparallel orientations occurred. In our dimer simulation, initially the conformations of the
monomers and the structures of the dimer were similar to those observed by Gnanakaran and
associates60. As the simulation proceeded, after several structural transitions, the dimer
assumed a stable antiparallel β-sheet structure. Furthermore, during two additional long-time
simulations of the dimer structure, using two different force fields, a stable antiparallel β-
sheet structure was also observed (see Supplementary Material and Supplementary Figures
S11-S13). The stability could be due to the longer chain length and to the presence of His14
which was shown to be important for aggregation61. Here we showed that His14 forms an
inter-chain weakly polar ArCH interaction that stabilizes the dimer (Figures. 6e and f and
Supplementary Figure S9b). The aggregation of Aβ(16–22) was studied in trimer form using
relatively short (10 ns) MD simulation57. The stable association of the chains was
accompanied by a conformational transition of the individual chains from a β-turn to β-
strand structure. The oligomer did not have the antiparallel β-sheet structure, most likely due
to the short simulation time. Nguyen and associates, using 50 ns REMD simulations74,
showed that the free energy landscape of the dimer of Aβ(16–22) is complex and only 25%
of the total population have the antiparallel β-sheet structure, which is again most likely due
to the short length of the peptide. REMD simulations of dimerization of Aβ(11–25) at three
different pH values revealed a dynamic interplay between hydrophobic, electrostatic and
solvation intertactions75. At pH 8.4, the free energy landscape for the peptide is complex,
although, most of the low energy structures are in antiparallel β-sheet conformation. Here
we also observed that the dimer has dynamic structure but can form stable antiparallel β-
sheet conformation.

The dimer has dynamic structure and typically 4–5 Hbonds are present during simulations.
Nevertheless, after the antiparallel β-sheet structure was formed, it was not disrupted until
the end of the simulation. Furthermore, to follow the AFM conditions, the ionization state of
the side chains, were set as at pH7, and only the Lys residues were protonated.
Subsequently, the dimer was further stabilized by ionic interaction between Lys16 of chain
A and Asp23 of chain B. Weakly polar interactions could substantially stabilize polypeptide
structure because their strength can be as strong as that of H-bonds62–66. Here, we observed
Ar-bb interaction between Phe19 of chain B and the backbone of His14-Gln15 of chain A
and an ArCH interaction between Phe19 of chain B and CβH groups of His14 of chain A.
These interactions clearly contributed to the stabilization of the antiparallel β-sheet structure
of the dimer.

Stability of the dimer
The stability of preformed Aβ dimers and fibrils was studied by pulling the center of mass
of one chain and keep the rest of the complex constrained67,68. Here, we used a different
approach to closely mimic the experimental AFM procedure. Residue 13 of the peptide was
replaced with Cys and only the position of Cys13 of chain B was constrained while Cys13
of chain A was pulled and the rest of the peptide chains were flexible. Subsequently, the
main force-peak of SMD simulation, where the antiparallel β-sheet breaks up, corresponds
to the rupture peak in force spectroscopy (Compare Figures. 2 and 5). If the structure were
not be an antiparallel β-sheet, the force curve from SMD simulation would be different from
that from force spectroscopy. When a pulling simulation was performed on a dimer with β-
turn and random meander structures the force curve was at the noise level of the SMD
simulation of the antiparallel β-sheet structure (Supplementary Figure S10) clearly
indicating that, during AFM experiments, the antiparallel β-sheet dimer dissociates.
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Our umbrella sampling simulations further indicate that the peptide forms a stable dimer
which dissociates in two steps by showing a plateau on the free energy curve at a
ΔG1

bindA,B of −49.52 kJ/mol (Supplementary Figure 7). A similar transient plateau was
observed by Mothana and associates67, although, they overestimated the value of ΔGbind by
its calculation from only a single MD simulation. The large value of the overall free energy
of binding (ΔGbindA,B= −85.45 kJ/mol) indicates that a stable dimer is formed. This is
further supported by the AFM experimental off-rate constant of 0.94 ± 0.84 s−1 for the
lifetime of the dimer. The data clearly indicate that oligomerization of Aβ is initiated by
formation of stable dimers.

Molecular model for Aβ aggregation
MD simulations of process of Aβ peptides showed that monomers can adjust their
conformation following docking to the pre-structured oligomer12,58 and this process leads to
elongation of the oligomer that eventually may lead to the formation of protofibrils. The
mechanism of the formation of oligomers, however, remains unclear. Our studies fill this
gap and lead to a model for the oligomerization. The AFM force spectroscopy data
demonstrate that as the monomers approach the dimers are formed. The contact time is in
the range of seconds. Since MD simulations show that the time for the formation of stable
dimers is much shorter, ~300 ns, the experimental conditions provide sufficient time for the
formation of dimers during the AFM force spectroscopy. The peptides in the dimer form
antiparallel β sheet conformation and this conformation is similar to the conformation in
fibrils of Aβ (14–23)69, suggesting that the process of formation of dimers modeled here is
the first step in the aggregation of the peptide.

Previously we proposed that the fibrils are assembled from dimers19. The evidence for this
model was the long liftime of dimers. Recent experimental data for the kinetics of
oligomerization of Aβ peptides agree with this model16,17. The assembly monomers into
dimers observed in this study and the docking of monomers to the preassembled
oligomers70,71,72 occur in nanoseconds, suggesting that the finding of partners is the time-
limiting step of the oligomerization process.

The β sheet structure of the dimer found in our MD simulations on average has four
hydrogen bonds. This is agreement with the solid state NMR structure of Aβ(14-23)
fibers69. In additional simulations (see Supplementary Material and Supplementary Figures
S13a–b), a longer β-sheet structure was formed and stabilized by on average seven hydrogen
bonds. However, for Aβ(1-40) it is possible that the β sheet structure in the same region of
residues with four to seven hydrogen bonds is transient and gradually can be transformed
into longer β sheet structures. If this does not happen within the Aβ dimer, the formation of
higher order oligomers can stimulate this conformational transition. Furthermore, the
monomers in Aβ(1-40) and Aβ(1–42) fibers are in parallel orientation35,73 but the
orientation in dimers or higher order of oligomers remains to be determined. On the basis of
our present data and recent publications76–80, it is possible that Aβ dimers are in antiparallel
orientation and subsequent docking of monomers to dimers triggers an overall chain
reorientation leading to fiber formation. Testing this mechanism is in progress.

Conclusions
In this study, AFM and MD simulations are synergistically used to characterize the
mechanism of misfolding and dimer formation of Aβ(13-23). Dynamic force spectroscopy
analysis showed that the dimeric complex formed by the peptide is stable and dissociate
typically in seconds. During MD simulations, isolated monomers gradually adopted
characteristic conformational states forming a native ensemble that differed significantly
from those of in dimers or fiber state. When two monomers formed a dimer their structure
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changed substantially and adopted an antiparallel β-sheet conformation. Conformational
spaces of the monomers become restricted due to inter-chain interactions including
hydrogen bonds, salt bridges and weakly polar interactions of side chains. Under the applied
force, the dimer, as during the AFM experiments, dissociated in a cooperative manner. Thus,
misfolding of the Aβ peptide proceeds via floss of conformational flexibility and formation
of stable dimers suggesting their key role in Aβ aggregation process.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of Aβ (13-23) fibril by AFM. 100 μM Aβ (13-23) was incubated for 24
hours at 37 °C and the fibrils were imaged by AFM. The mean height of the fibril was
0.6520 ± 0.0484 nm. The white scale bar is 200 nm.
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Figure 2.
Single molecular force spectroscopy. (a) Schematics of the experimental setup. The peptide
was immobilized on AFM tips and mica surfaces through N-terminal cysteine. Bifunctional
PEG (about 77 PEG repeats, long linker) was used to attach the peptides to mica surface.
MAS (5 repeats of PEG, short linker) was utilized to connect peptides to AFM tips. (b) A
typical force curve illustrating the rupture event force curves (grey line) recorded at pH 6
with 500 nm/s pulling rate, black line is from the worm-like chain model fitting19; the insert
figure shows distribution of rupture force (bar) and fitting results with probability function
(line). The mean value of force was 48.62 ± 8.38 pN. (c) The DFS analysis for Aβ (13-23)
acquired at pH 2. Forces obtained from different pulling rates are plotted against logarithmic
apparent loading rates (ALR). Seven ALR values were used to generate the plot. Each data
point is an average of three independent experiments. The data set was approximated by the
Bell-Evans model as described in reference 25. The intercept on the x-axis was used for the
calculation of the off-rate constant producing the lifetime value of 1.06 ± 0.95 s. The large
variance of this value is due to a logarithmic dependence of the off-rate constant value on
the experimentally determined intercept value.
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Figure 3.
Initial and central structures of MD simulations of monomer structures I-III. (a) Tube
representations of the backbone of the initial structures I-III for the three independent MD
simulations. (b) The central structure of the largest cluster of the simulations. Random
meander is cyan; α-helix is dark blue; 310-helix is yellow; turn is yellow and H-bonds are
indicated by yellow dotted lines. N and C indicate N- and C-termini, respectively.
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Figure 4.
Evolution of the distance between the center of mass of Cys13 of chain A and the center of
mass of Cys13 of chain B in during the 400 ns MD simulation of the dimer structure.
Snapshots of the dimer backbone structures from the trajectory are placed inside the plot. (a)
1, 0 ns; 2, 20 ns; 3, 97.9 ns; 4, 221 ns; 5, 300 ns; 6, 359 ns. Backbone conformation of the
peptide chain is as follows: cyan is random meander; yellow is 310-helix; green is β-turn/
bend, red arrow is β-sheet and H-bonds are yellow dotted lines. N and C indicate the N-and
C-termini, respectively. (b) Inter-molecular interactions (Eint) during the 400 ns MD
simulation of the dimer structure. The grey line shows Eint at every 10 ps, the black line is
the running average at 5 ns intervals. (c) Antiparallel backbone structure of the central
structure of the largest cluster of the last 50 ns of the MD simulation. In chain A the
backbone carbon atoms are in green. H-bonds are yellow dotted lines. N and C indicate the
N-and C-termini, respectively.
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Figure 5.
Force curves acquired at 5 nm/ns pulling rate from SMD simulation. (a) Pulling the center
of mass of Cys13 of monomer A (COM13A) along the z-axis. The central structure of the
largest cluster of the last 50 ns of the MD simulation of the dimer is in a rectangular box.
For clarity the water molecules are not shown. The dimension of the box is 6.555 nm ×
4.376 nm × 18 nm. The pulling direction is indicated by a dashed arrow. Backbone
conformation of the peptide chain is as follows: cyan is random meander; green is β-turn/
bend, red arrow is β-sheet. Numbers inside the force curve panels indicate the time (b) and
distance (c) locations of the characteristic peaks. Arrows and numbers on panel b indicate
the snapshots in figure 6.
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Figure 6.
Force-induced dissociation pathway of the dimer structure during SMD simulation (5 nm/ns
pulling rate). The snapshots of dimer structure are from 1, 0.2 ns; 2, 0.48 ns; 3, 0.49 ns; 4,
0.5 ns; 5, 0.54 ns; 6, 0.6 ns; 7, 0.7 ns; 8, 0.9 ns and 9, 1.2 ns of the SMD trajectory. The
numbers correspond to the position numbers shown in Figure 5b. (a) H-bond breaking. Red
arrow indicates β–sheet structure and H-bonds are yellow dotted lines. N and C indicate the
N- and C-terminal ends, respectively. (b) Changes in the number of inter-chain H-bonds. (c)
Force induced dissociation of the inter-chain salt bridge between Lys16 of chain A and
Asp23 of chain B. (d) Distance between the center-of-masses of εNH3

+ of Lys16 of chain A
and βCOO- of Asp23 of chain B groups. (e) Weakly polar interaction between side chain of
Phe19 of chain B and side chain of His14 of chain A. (f) Distance between the CβH group of
His14 of chain A and the center of the phenyl ring of Phe19 of chain B.
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Figure 7.
WHAM analysis of the umbrella sampling simulation. (a) Converged umbrella histograms
of 31 configurations, each derived from 20 ns simulation. (b) Potential of mean force
(PMF). ΔG1

bindA,B corresponds to H-bonds and salt bridge breaking and ΔG2
bindA,B is

associated with the breaking of weakly polar interactions and a salt bridge.
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