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The self-assembly of amyloid (AB) proteins into nano-aggregates is a hallmark of Alzheimer’s disease (AD) development,

yet the mechanism of how disordered monomers assemble into aggregates remains elusive. Here, we applied long-time
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molecular dynamics simulations to fully characterize the assembly of AB42 monomers into dimers. Monomers undergo
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conformational changes during their interaction, but the resulting dimer structures do not resemble those found in fibril

structures. To identify natural conformations of dimers among a set of simulated ones, validation approaches were devel-

oped and applied, and a subset of dimer conformations were characterized. These dimers do not contain long f-strands

that are usually found in fibrils. The dimers are stabilized primarily by interactions within the central hydrophobic regions

and the C-terminal regions, with a contribution from local hydrogen bonding. The dimers are dynamic, as evidenced by the

existence of a set of conformations and by the quantitative analyses of the dimer dissociation process.

Introduction

The primary model for the development of Alzheimer’s disease
(AD) is based on the self-assembly of amyloid B (AB) proteins,
specifically the formation of AP aggregates.»? Similar protein
self-assembly mechanisms contribute to the development of
other diseases, such as Parkinson’s and Huntington’s.Z4 The
final products of the amyloid self-assembly process are fibril
structures that are typically characterized by traditional
techniques such as solid state NMR.5> ¢ These studies showed
that AP proteins in fibrils form long [-strands that help
maintain the fibrillar structure. However, A3 monomers are
largely unstructured’-?, which leads to the question of how the
conformational transition occurs. Self-assembly is a kinetic
process during which oligomers of various sizes are formed;
therefore, understanding the self-assembly process requires
experimental methods capable of characterizing transient
species of the aggregation reaction. The finding that amyloid
oligomers rather than fibrils are neurotoxicl9-14 suggests that
the secondary structure of oligomers is different from that of
fibrils. This assumption is supported by the characterization of
oligomers using spectroscopic techniques that showed
conformational changes occurring at early aggregation stages
and no extensive formation of [p-structures were
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reported.121516  Additionally, it is unclear how amyloid
structures differ in oligomers of different types. The photo
cross-linking methodology developed in ref.l” allowed the
authors to isolate individual oligomers to characterize their
structure with circular dichroism spectroscopy; however, the
potential contribution of the photo cross-linking procedure to
the oligomer structure is a concern.

Single molecule method has been utilized to mechanical
unfold the cysteine-engineered polyproteins!® We have
recently developed an approach to probe amyloid dimers
based on measuring the interactions of amyloid monomers
with AFM force spectroscopy.19-23 In this approach, monomers
are end-immobilized to the AFM tip and the surface, and the
interaction between them is measured by approaching the tip
to the surface to allow dimer formation. The subsequent
retraction step allows the rupture force required to dissociate
the dimer to be measured. Using AFM dynamic force
spectroscopy, we demonstrated that the dimer lifetimes were
in the range of seconds. These values are several orders of
magnitude larger than typical structural dynamics of AP
monomers, suggesting that dimerization requires structural
transitions within monomers that enable them to form stable
complexes.20-24  Similar results were obtained for other
proteins and short amyloid peptides, leading us to conclude
that the formation of a stable arrangement within dimers is a
general phenomenon of the amyloid self-assembly process.
However, these experiments did not allow us to analyze the
structural features of the dimers. We recently performed a
long-time scale molecular dynamics (MD) simulation for
AB(14-23) peptide that enabled us to identify structural
changes in the peptide upon dimer formation.2* These
simulations revealed many different structures, suggesting
that validation procedures are needed to identify structures
within experiments. In our recent publication,?> we developed
a validation approach termed Monte Carlo Pulling (MCP), in
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which we compared the rupture forces for MD models of
dimers with the experimental data obtained in AFM force
spectroscopy studies of the same AB(14-23) peptides. The
rupture forces are strongly dependent on the pulling rates,
and the developed approach allowed us to perform MCP
simulations at rates identical to those in the experiment. As a
result, the native dimer structure of AB(14-23) was identified.

Here, we applied MD simulation to analyze the dimer
formation of biologically relevant full-size AB42 protein using
the specialized Anton supercomputer.2627 A variety of dimer
structures were identified and characterized. To validate the
dimer structures, dimers were pulled using the MCP approach,
and the simulated MCP rupture data were compared with the
AFM experimental data. To further improve the stringency of
the force spectroscopy based validation process, we
developed a procedure utilizing experimental rupture pattern
data to allow the most suitable dimers to be selected. An
important characteristic of these dimers was the absence of
long B-strands that are typically found in fibrils. Multiple
interactions in the Central Hydrophobic Core (CHC) segments
(Leul?7 through Ala21) and the C-terminal regions (lle31 and
Ala42) stabilize the dimers. As an additional control, MCP
simulations were performed with dimer structures adopted
from the fibrils. Comparing the results with experimental data
ruled out the possibility of dimer formation with high (-
content in the self-assembled APB42 protein. The role of dimer
structures and their dynamics in additional aggregation
processes and possible dimer neurotoxicity are also discussed.

Simulation Methods
Monomer simulation procedure

To generate the initial structure of the monomers used for the
dimer simulation, we conducted conventional molecular
dynamics (cMD) simulation using GROMACS ver. 4.5.528
employing Amber ff99SB-ILDN force field?® and the TIP3P
water model.30 The initial monomer structure (Fig. S1a) was
adopted from NMR data’” (PDB ID: 1IYT), obtained in
hexafluoroisopropanol (HFIP):water (80:20 ratio), see details in
Supplementary document. Five hundred nano seconds long
NPT (constant Number, constant Pressure and constant
Temperature) cMD simulation, at 1 bar and 300 K, were
carried out using the Holland Computing Center (HCC).
Following which, cluster analysis was performed through
g_cluster command in the GROMACS package, with the
GROMOS method of clustering and the root-mean square
deviation (RMSD) for the protein backbone with a 3 A cut-off
value, as previously described.2* Due to large structural
fluctuations of residues 1-9 and 36—-42, only data for residues
10-35 were selected for cluster analysis.

We addressed secondary structure dynamics according to the
method developed by Thirumalai’s group.3! Briefly, if the
dihedral angles from two consecutive residues satisfy the
definition of an a-helix (-80° < ¢ < -48° and -59°< y < -27°) and
B-strand (-150° < ¢ < -90° and 90 < y < 150°), the structures
are considered to be o and B conformations, respectively. The
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changes of secondary structure over time are monitored by,
t+A

a(t) =5 [ ay(s)ds and B(6) = 1 [ By(s)ds,

where a(s) = ﬁ2?=11 8i and B(s) = ﬁ2?=11 8;p att=sand
A=1 ns. When the residues adopt o or B conformations, the
8o =1lorép=1

Dimer simulation on the specialized supercomputer Anton

For simulations on Anton, we used the Maestro-Desmond
software package Version 4.0 (Schrodinger, New York, NY,
2014) to build the initial dimer, using the same force field and
water model as for the monomer cMD simulation. The dimer
copies with different
orientations from most representative cluster in Fig. S1b, with
the angle between the long axes of each monomer at 90°.
More details can be found in the supplementary information.
After running 4 ps cMD simulation on Anton, the last 150 ns
trajectory of the simulation was used to determine the
intermolecular contacts between the two monomers with the
g_mdmat command from the GROMACS package.28

The calculation of the time-dependent secondary structure
changes follows the same methods as described in the

was created from of monomer

. . . 1
monomer simulation section. Here, a(s) 252?3161‘,6: and

B(s) = éZ?:Zl §;patt=sand A=1.2 ns.

Accelerated molecular dynamics simulation

To further extend conformational sampling, the resulting
structures from the cMD simulations on Anton were subjected
to the accelerated molecular dynamics (aMD) simulation
method using STAMPEDE at the Texas Advanced Computing
Center.32 The simulation procedures were adapted from the
description by Pierce et. al.33 and the website (URL:
http://ambermd.org/tutorials/advanced/tutorial22/). The
procedure details are shown in the Supplementary document.
The dimer systems were then submitted to STAMPEDE for a
500 ns NVT aMD simulation.

The Principal Component analysis of backbone dihedrals
(dPCA),34 in which the artifacts from combining internal and
overall motion are minimized, was used to acquire the
representative structures after the aMD simulation. In total,
250,000 structures were used for the dPCA analysis. The
dihedral angles of the terminal residues were ignored. The
following equation for the free energy calculations was used:

AG(V1,V2) = —ksT In <M> o

max

where V1 and V2 are the 1st and 2nd largest Principal
Components; P(V1,V2) represents the distribution obtained
from the MD trajectories, Pmax is the maximum value of the
distribution; and kg and T are the Boltzmann constant and the
absolute temperature, respectively. The Fortran program
written by Dr. Yuguang Mu was used to perform this analysis.

This journal is © The Royal Society of Chemistry 2016



Replica exchange MD simulations

Replica exchange MD (REMD)3> simulation with a hybrid-
resolution model, PACE,3¢ were performed with the NAMD
v2.9 package.3” The procedure was adapted from Han and
Schulten’s method described in ref.,36 in which amyloid fibril
elongation was modeled. The initial structures were the same
as in the aMD simulations, but were converted into a united
atom description. Then, the systems were solvated with 2632
Martini3® Coarse-Grained (CG) water and 150 mM NaCl. Thirty-
two replicas were simulated in the temperature range 300-650
K, with exchange attempted every 4 ps; the exchange
probability was 20-25%. After a 600 ns NVT (constant Number,
constant Volume and constant Temperature) simulation for
each replica, 12,500 structures at 300 K from the last 500 ns
trajectory were used for the dPCA analysis.

Monte Carlo pulling (MCP) simulations

The MCP method that allows us to simulate AFM force
spectroscopy experiments has been described in our recent
publication.2> MCP method is a modification of the PROFASI
approach described in refs.3940 with FFO8 force field and
implicit water. The major feature of MCP method is that the
pulling rate in the simulation is the same as in the experiment.
Therefore comparison with the experiment is the validation
test for the simulated dimer structure. Considering that the
results from aMD and REMD simulation are more reliable than
cMD; only the dimer structures obtained from these
simulations were chosen for MCP. The two Ca of the N-
terminal Cys residues of each monomer were defined as the
pulling groups. A virtual spring was attached onto each pulling
group and used to stretch them along a vector during the
pulling process. The energy dynamics of the spring were
calculated by the A2A spring function and the total energy in
the course of pulling was described by the following equation:

k
Eior = E(X) + E[Lo +vt—LX)]* (2)

where E(x) indicates the energy without an external force, k
and t are the spring constant of the virtual spring. Lo is the
initial distance between two Co atoms of the N-terminal Cys
residues of each monomer. L(x) represents the real-time
distance between the Ca atoms of Cys residues during pulling,
and x denotes a protein conformation. When v = 0.1 fm per
MC step, the value is equivalent to 600 nm/s. Here, v = 0.083,
equivalent to 500 nm/s, was used for all MCP simulations.

Results
Equilibrated structures of A 42 monomers

Prior to the simulation of AP42 dimer structures, we
performed MD simulations of AB42 monomers to identify
equilibrated structures We applied this
approach in our recent simulations of the dimer structures for
AB(14-23) peptide?.
structure of the monomer does not depend on the initial

of monomers.

We have shown that the equilibrated

This journal is © The Royal Society of Chemistry 2016

conformation of AP(14-23) peptide. The AB42 monomer
candidates were obtained by running 500 ns all-atom MD
simulations using the explicit TIP3P water model. The initial
structure was adopted from the NMR coordinates of the AB42
monomer (Fig. S1a, PDB ID: 11YT) in an organic solution.” After
completion of the simulation, we performed cluster analysis to
identify the most representative structures for the AP42
monomer. The classification of clusters in the trajectory was
performed with the approach described in ref.4! by calculating
the root-mean-square deviation (RSMD) of backbone atoms
between all pairs of structures with a cut-off at 0.3 nm. Twelve
clusters were identified, with the largest cluster comprising
53.73% of the entire population, the representative structure
for this cluster is shown in Fig. S1b.

a b c 1
dimer 1 m
o
€
S
_’ o
=

Monomer A

Fig. 1. Results of the MD simulation of AB42. (a) Schematic for the
assembly of a dimer in which one monomer is rotated by 90° relative to
another. (b) The snapshots of the dimer corresponding to the last frames
of the 4 ps simulation runs. In all snapshots (a, b), the red and blue colors
indicate monomer A and B, respectively. (c) The contact map for the
dimer. The colors in the contact map represent the distance in nm
between the pairwise residues. The regions of interest are encircled with
dashed lines.

To structurally characterize monomer dynamics, we monitored
the overall secondary structural changes according to the
method described in ref.31 (details in Methods). The analysis of
the time-dependent contents of a-helix and B-structures (a(t)
and f(t)) reveals that the a-to-p transition occurs after 200 ns
(Fig. S1c), indicating that the ability to detect such a conversion
requires long simulation times. The monomer structure
remains quite dynamic, so in the time-interval between 200 ns
and 500 ns, the a-helix and B-strand contents fluctuate rather
broadly, 0.08 + 0.05 and 0.03 * 0.03, respectively. The
conformational variability is primarily defined by the
conversion of two stable helical conformations of the initial
structure encompassing residues Ser8-Gly25 and Lys28-Met35
to conformers with low a-helix and low [-strand contents.
These findings are consistent with simulation results for AB42
monomers by other groups that that the
representative monomer structure is primarily a random coil
with a small helical segment around the Arg5-GIn15 region.8 42
Based on the analysis of the conformation and dynamics of
AB42 monomers, we selected monomers from the 1st cluster
to analyze AP42 dimer conformational dynamics with the
Anton supercomputer.

showed

Structure of AB42 dimers

Nanoscale, 2016, 00, 1-9 | 3



Two AB42 monomers were placed at a center of mass
distance (COM) of 4 nm to generate the initial dimer
configurations (Fig. 1a). The snapshot for dimers after 4 us is
shown in Fig. 1b. In the dimer, interactions between
monomers are limited to short stretches of the protein, as
depicted in the dimer interaction map in Fig. 1c. The primary
interactions between the monomers in dimers are within the
CHC region spanning from Leul7 to Ala21, and the C-terminal
region between lle31 and Ala42. To determine whether the
structure reached equilibrium, the time-dependent change in
the dimers secondary structure was calculated. The variability
of a-helix (a(t)) and B-structures (B(t)) is shown in Fig. 2a. The
graph shows that both parameters in the dimers initially (200
ns — 500 ns) fluctuate in the range of 50% or above, but remain
constant after the 2 ps simulation time point, which suggests
that the structure reached the local equilibrium state. These
findings are further confirmed by the time-resolved change in
the angle between the two monomers, depicted in Fig. 2b.
However, we cannot exclude the possibility that the dimers
are trapped in local energy minima, meaning that the
conformational space is not sufficiently sampled during the
simulations.

0 1000 2000 3000 4000
Time (ns)

@ dPC2

Angle (Degree) &
53883

0 1000 2000 3000 4000
Time (ns)

Fig. 2. (a) Time-dependent dynamics of the a-helix and B-strand
contents in the dimer obtained from the cMD simulations (Anton
computer). The a-helix and B-strand content variations over time
are represented by the purple and orange colors, respectively. (b)
Time-dependent orientation of one monomer with respect to the
other during 4 ps simulation on Anton. In the calculation, the
orientation was obtained according to the relative angle between
two vectors, which were selected to be between Ca atoms of Y10
and M35 on each monomer. (c) The results from the aMD
simulation of AP42 dimer. The free energy landscapes were
constructed after a 500 ns aMD. The local energy minima are
indicated with arrows. The corresponding snapshots are shown,
with monomers A and B

represented by red and blue,

respectively. The dashed lines indicate the hydrogen bonds.

To address this issue, we extended the dimer simulation using
accelerated MD (aMD) simulation (see specifics in Methods), in
which two boost energies are introduced to the system to
enhance conformational sampling.43-4> According to ref.,33
sampling during several hundred nanoseconds of aMD
simulation is equivalent to sampling in the millisecond time
scale for conventional MD (cMD) simulations, suggesting that
we should be able to extend the sampling efficiency by several
orders of magnitude with aMD. Of note, the aMD approach

4 | Nanocale, 2016, 00, 1-9

was recently used to analyze the larger AB-aSyn co-assembly
system,*6 thereby justifying the suitability of this approach for
AB42 dimer simulation.

The results of the 500 ns aMD simulation for the dimer,
depicted as an energy landscape, are shown in Fig. 2c, in which
the dihedral Principle Component Analysis (dPCA) was applied
to generate the energy landscape.3* A series of well-defined
energy minima, shown in blue, are identified. Snapshots of
representative structures corresponding to these local minima
are indicated in the figure. As seen from the structures, even
an extended MD simulation did not lead to formation of dimer
structures with long B-strands. A common feature of all
structures is the dimer stability provided by the interactions of
the CHC regions (Leul7-Ala21) and the C-terminal hydrophobic
regions of the monomers, which is consistent with the results
of the cMD stabilized by
intermolecular B-sheet structures. A conformational analysis

simulations. The dimer is
of the a-helix and B-strand content of the dimers as a function
of time, following aMD simulations, revealed a slightly higher
B-strand content (~0.05 vs. ~ 0.02), as shown in Fig. S2.

We compared the results of the aMD simulations for the AB42
dimer structures with those obtained with REMD,35 which is a
more common approach used to improve sampling.47-4° We
utilized a hybrid REMD simulation approach, in which proteins
are defined using united atom parameters, and Martini water
is used as the solvent. The energy landscape plot is shown in
Fig. S3a. A set of minima was also identified and representative
snapshots of the dimers are shown in the figure. Similar to the
results obtained with aMD simulations, the dimers do not
contain B-sheet stretches; rather, a few residues are involved
in intermolecular p-sheet formation. Similar to aMD
simulation, the CHC segments (Leul7 through Ala21) and the
C-terminal regions (lle31 and Ala42) stabilize the dimer
structure (Fig. S3b). Interestingly, in REMD simulation, the C-
terminal residues tend to form [-hairpin structures that
increase the interaction with the CHC region (Fig. S3a,
minimum 2).

Validation of MD simulations

To validate the MD simulation data, we used our recently
developed MCP approach,2> in which the simulated structures
are pulled and the calculated rupture forces are compared
with experimental results. Such a comparison is rigorous, as
the rupture process is simulated with MCP at pulling rates
similar to those used in experimental conditions. This is a
critical issue because the rupture force depends on the pulling
rate.24 Four initial configurations were selected, from the
representative dimers obtained in aMD simulations (Fig. 2c),
and MCP simulations were carried out for each dimer
configuration. In order to obtain a statistically significant
dataset, MCP simulations were repeated 500 times for each
dimer conformation.

The results for MCP simulations for dimer conformation 1
(Fig. 2b) are shown in Fig. 3, along with experimental results
from our previous publication.23 The data in Fig. 3 demonstrate

This journal is © The Royal Society of Chemistry 2016



that force distributions for simulated dimers are very similar to
the rupture force values obtained in the experiments. The
geometric mean peak values are 58.1 + 1 pN (Fig. 3a) and 57.1
+ 1 pN (Fig. 3b) for the simulations and experiments
respectively. Statistical analysis performed with the
Kolmogorov-Smirnov nonparametric test produced p = 0.346.
AFM force spectroscopy experimental data provide an
additional parameter—the position of the rupture events that
characterizes the location of interacting regions.2°
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n =374

Counts
N DO
OOO0OOO
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(2]

T
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Fig. 3. The rupture patterns. (a, b) The rupture force distributions
for the simulation and the experiment, respectively. The number
of force curves analyzed (n) is indicated. (c) The rupture patterns
of Ap42 MCP
corresponding to the first energy minima in Fig. 2b. The scatter

dimers obtained from the simulations
plots (green circles) show the rupture forces corresponding to a
specific rupture distance. The rupture force distributions (blue)
are shown along the y-axis to the right of the plots, and the
histograms of the rupture distances (red) are on the topside of
the scatter plots. The black * symbols are the centroids from the
highest density areas of the scatter points, indicating the different
patterned regions, labeled | through Ill. The black curves are the
fits. (d) The rupture patterns of MCP simulations of dimer in c. (e)
The experimental data from the previous work.?* The black curves

are obtained from Gaussian fitting.

We applied this approach to characterize the effect of single
amino acid substitutions in C-terminus of AB42 on the rupture
pattern of the dimers.23 These studies demonstrated that the
rupture pattern is very sensitive to the mutations in AB42 and
suggest that the C-terminal residues provide an important
contribution to AP42 dimer stability. Given such a high
sensitivity of the AB42 rupture pattern to the protein
sequence, we computed a similar dataset to get additional
validation to simulations (see Methods for specifics). The
results are summarized as a scatter plot in Fig. 3c in which
each calculated data point is shown with a green circle. The
data can be divided into three groups numbered in the graph.
The grouping is clearly seen in the distributions of the rupture
distances obtained from this dataset shown as a red histogram
on the top that has three distinct peaks. This dataset suggests

This journal is © The Royal Society of Chemistry 2016

that there are three distinct interacting regions, corresponding
to the rupture distances of 3.4+ 0.7 nm, 8.2 + 1.0 nm, and 12.7
+ 1.3 nm for the dimers (Fig. 3c and Fig. S4). We compared
these data with the experiment and the comparison is shown
in Fig. 3d and e. Both the experiment and the simulation
demonstrate that peak 1 are
representative and the highest yield of rupture events

rupture events for less
corresponds to peak 3. Experimental values for the peaks
positions (4.6 £ 1.5 nm, 9.6 £ 1.4 nm and 14.8 = 1.5 nm) were
calculated by subtracting the length of tethers from the
contour length; however, the length of the PEG tether
provides more than half of the value, thereby resulting in a
systematic error in the peak position values.23 Therefore, it is
reasonable to use normalized values of peak positions by
dividing the peak positions by the position of the last peak. The
area ratio for the simulations (Fig. 3d) is 1:2.1: 2.7, from the
shortest to the longest rupture peak. The
experimental results (Fig. 3e) show a very similar three-peak
distribution, with an area ratio of 1:2.1:3.7. The peak positions
for the experimental data, 0.31 £ 0.11, 0.65 + 0.09 and 1 + 0.1
coincide with the peak positions for the simulations, 0.27 +
0.06,0.65+0.08 and 1 +0.1.

distance

o chodle,

n =279
200-&:‘:@
gO
100, g
1 1 I 1 1
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300 -

Force (pN
Force (pN)

1 1 T 1
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Fig. 4. The rupture patterns (a and b) of AB42 dimers obtained in
REMD simulations (Fig. S3a; structures 1 and 2) generated by MCP
simulations. Similar to Figures 3 and S4, each rupture force and
the corresponding rupture distance are indicated with green
circles. The force distributions are shown as blue histograms and
placed on the right side of the scatter plot. The rupture lengths
distributions (red histogram) are placed at the top of the plot. The
snapshots of dimers in each figure are the initial structures.

A similar analysis was performed for the dimers obtained in
the REMD simulations. These structures were validated using
the MCP approach and the results for structures 1 and 2 are
shown in Fig. 4a and b, respectively. The force distributions for
both structures, shown in blue, are placed to the right of the
graphs. The rupture force values are 59.4 + 1.5 pN and 58.0 £
1.5 pN for structures 1 and 2, respectively. Both values are
close to the experimental values (Kolmogorov-Smirnov
nonparametric test, p = 0.4 and p = 0.02, respectively). Next,
we calculated the rupture profiles (the data points are shown
in green), and the rupture patterns are shown as red
histograms at the top of each graph. The rupture length
histograms show that structure 1 has two peaks, whereas
structure 2 has three peaks, with positions close to those

Nanoscale, 2016, 00, 1-9 | 5



found in the experiment. Therefore, according to the rupture
profile criterion, structure 2 is preferred.

Rupture process for dimer dissociation

To understand the role of various interacting segments in the
dissociation process,
corresponding to the three peak positions identified in Fig. 3c.

we characterized the rupture events

The results for all three types of rupture events are shown in
Fig. 5. The black lines show force curves, and snapshots of the
dimer structures immediately prior to the rupture event are
presented above the force curves. The dimer dissociation
process corresponding to the shortest rupture distance events
(type | events) is illustrated in Fig. 5a.
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Fig. 5. The typical rupture events for simulations of dimer
dissociations. The force curves (black lines in a—c) are taken from
the different patterned regions I-Ill (Fig. 3c), respectively. The
snapshots corresponding to the structures immediately prior to
dissociation are indicated with arrows. The monomer color-coding
is the same as described above. Blue and red balls represent the
N-terminal residues for the monomers.

The full dynamic process can be viewed as a movie (movie S1).
The analysis shows that the rupture process occurs after the
partial unravelling of both N-terminal regions (Fig. 5a).

The dissociation processes, identified as type Il events in Fig.
3¢, show a asymmetry during the dimer
unraveling. A typical force curve is shown in Fig. 5b. During the

pronounced

dissociation, the N-terminal region of one monomer gradually
unfolds, extending the total length of the N-terminal region
(Asp1-Lys16), which becomes as long as ~5 nm. The rest of the
protein, as well as the other monomer, remain a compact
globule with a diameter of 2-3 nm. The full process can be
seen in movie S2. During dissociation, the CHC region of the
dimer and the C-terminal region on one monomer remain
compact and stabilized by hydrophobic interactions. The
eventual rupture distance is ~8 nm, calculated from the
combined length of the extended N-terminal region (Aspl—
Lys16; ~5 nm) and the diameter (~3 nm) of the compact cluster

6 | Nanocale, 2016, 00, 1-9

(gray regions in Movie S2).
unraveling occurs,
conformation while the other monomer gradually unfolds,

Typically, when asymmetric
one monomer maintains the compact

accompanied by an increase in the Radius of gyration (Rg) (Fig.
S5a).

The dimers dissociation process for the longest rupture
distance events (type Ill) is illustrated in Fig. 5c. The unraveling
process can be viewed as a movie (Movie S3). Type lll events
are characterized by the extension of almost the entire AB42
chain starting from the N-termini. The dimer at the end of the
rupture process is stabilized by interacting hydrophobic
segments of the C-termini. During the dissociation process,
monomer unfolding is accompanied by a gradual increase in Rg
values for both monomers (Fig. S5b). The total length of the
dimer prior to separation is ~12 nm, composed of the length of
two extended N-termini (10 nm) and the diameter of the
hydrophobic cluster (~¥2 nm; gray regions in Movie S3).

Rupture process of dimers within fibrils

The major finding of the MD simulations is that AB42 dimers
do not contain long [-strand structures as those found in
fibrils. To characterize the rupture process of APB42 dimers
with structures similar to those found in fibrils, an MCP
analysis was performed for AB42 protein dimers with initial
structures adopted from fibrils to mimic high p-content
structures. We used the dimer structures from U-shaped
fibrils,> as well as the dimer structures adopted from the
recently published S-shaped fibrils,® schematically shown as U-

shaped and S-shaped dimers in Fig. 6a—d.

a . U-Shaped dimer

2BEG

S- Shaped dimer

2MXU

g
2004
ok
*x
300 150
s 3
3 2004 2 100
3 5
S 100 *
50 -
04
T T T T T T T T T T 0
0 5 10 15 20 0 5 10 15 20 & & &
Distance (nm) Distance (nm) & &S
& O @
& K K
2
N <

Fig. 6. The pulling (MCP) simulation of AB42 dimers from two
fibrillar structures — U-shaped (a, PDB ID: 2BEG) and S-shaped (b,
PDB ID: 2MXU). The missing residues at N-terminus have been
added to mimic the full-length of AB42 peptide. The corresponding
dimer structures are shown in (c) and (d). The monomers in (c) and
(d) are shown in different colors. The rupture force and rupture
distance patterns are shown in (e) and (f) for U-shaped and S-
The
nonparametric statistical analysis for the correlation between the

shaped dimers, respectively. (g) Kolmogorov-Smirnov
experiment and the simulations. Symbols ** indicate p < 0.01.

Error bars are S.E. values.
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The results for the rupture force distributions are shown in
Figs. 6e and f. The mean values of the rupture forces were
130.4 + 1 pN and 107.4 £ 1 pN for U-shaped and S-shaped
dimers, respectively. Both values are significantly different
from the experimental data (Fig. 6g), suggesting that the
probability of forming these types of dimers is very low.

Discussion

Our thorough computational analysis was able to produce
the atomic structure of AB42 dimers and reveal their dynamic
properties. An important consideration in this analysis is the
use of monomers with equilibrated structures. Note that the
monomer structures obtained in our simulations were very
in refs.,842 in which the REMD
approach was used. Dimer formation is accompanied by

close to those obtained

conformational changes of monomers with the formation of
short a-helices and B-structures (Fig. S2). As a result, the
dimers are stabilized primarily by interactions of the CHC
segments (Leul7 through Ala21). The dimer is stabilized by the
interaction of the C-terminal regions, but similar to the CHC
region, the C-terminus of the dimer also does not have a high
B-content (Fig. 2). The hydrophobic interaction, rather than
backbone hydrogen bonding, is crucial for the
AB42 interaction, consistent  with evidence.50
Qualitatively, these findings are in agreement with the
characterization of early-stage AP42 aggregates by CD and ThT
fluorescence that show that the oligomers have a low f-

recent

content.17.51

The simulated dimer structures were validated by comparison
with AFM pulling experimental results for AB42 dimers using
the MCP approach.?> Importantly, the simulations were
performed at conditions identical to experimental conditions,
and the comparison was made over large data sets, enabling
the comparison of both the mean rupture force values and the
force distributions, as shown in Fig. 3. Both parameters for the
simulations are in a concurrence with experimental results,
providing a strong validation for the structures of the APB42
dimers. We took advantage of the MCP approach to simulate
the rupture process for any structure and performed pulling
simulations for hypothetical dimers with long B-strands that
appear in fibrils.>6 The simulated structures (Fig. 6) produce
rupture force values that are considerably larger than those
obtained in the experiments. Therefore, we can rule out the
possibility of AB42 monomers self-assembling into dimers with
high B-content structures, as found in fibrils. This finding led us
to speculate that the formation of B-sheets is a characteristic
stages of AP42 aggregates
associated with the formation of fibrils.

structural feature of later

The energy landscape of dimers is rather rough and is
characterized by a set of local minima, as shown in Fig. 2. The
roughness of the energy landscape suggests that AB42 dimers
are very dynamic and that various stable states are probed by
monomers. These states cannot reliably be distinguished by
the rupture forces alone, although the depths of the minima

This journal is © The Royal Society of Chemistry 2016

vary. Several types of dimers were obtained, however they
have major structural similarities and also produce rather
similar rupture forces during MCP simulations. To be able to
distinguish between these structures, as demonstrated in Figs.
3, 4, and S3, the rupture profiles were compared. The analysis
of the rupture process (Fig. 5) identified fine features of the
dynamics of AB42 dimers. Upon pulling, the N-terminus of one
monomer extends while the other monomer remains
unchanged. This asymmetry of the dimer structure may play a
role in the next stages of the self-assembly process and create
the directionality of aggregate growth, as observed in
experiments.>2 Indeed, the substitutions at C termini alter
dramatically the AB42 monomer-monomer interaction.>! For
instance, (Val36/D-Pro)-(Gly37/L-Pro) replacement destabilize
the destabilized the C terminal-turn structure on AP42,
leading to “AB40-like” interaction.>3 These finding are perfectly
in line with our AFM force spectroscopy studies that
demonstrate that these mutations resulted in dramatic
changes in the profiles of rupture forces.23

The existence of multiple energy minima on the energy
landscape of the dimers has a number of biological
implications. Aggregation of AB42 and other amyloids is the
process in which aggregates with different morphologies are
formed. One model suggests the existence of different
aggregation pathways for aggregates with different
morphologies (ref.135459 and references therein), with the
structure specific dimers serving as origins for these pathways.
It is widely accepted that oligomers are the most neurotoxic
species of amyloids. This is also supported by the evidence
that AB42 dimers are neurotoxic.?0 The neurotoxic effect of
AB42 dimers assumes that dimers interact with a multitude of
other proteins and cellular membranes, which can be
facilitated by the structural plasticity of AB42 dimers.

AB42 dimerization has been modeled in the past,*8 6165
revealing various conformations including o-helixes and anti-
parallel B-sheets. These data are in contrast with our findings.
There are two major factors explaining these differences. First,
we assembled dimers by using equilibrated monomer
structures, which was not performed in any of the prior
publications. Second, we performed simulations of the dimer
formation on the long-time scale: ~4 ps for the initial cMD
simulation with the Anton supercomputer, followed by aMD
simulations that extend sampling to the millisecond time scale,
which is several orders of magnitude higher than the
previously published data.

Through these MD simulations we used Amber ff99SB-ILDN
force field that was applied in the all-atom MD simulation of
short fragments of AB system.%667 Qur simulations show a
good correlation with experimentally data providing additional
support for the use if this field amyloid type proteins. Recently,
the ff99IDPs has been developed for IDP monomer simulation
and demonstrate the good consistency with NMR data.®® It
would be interesting to compare these two force fields and
these are long-range plans. For REMD simulations we used
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implicit MARTINI water approximation. Water play critical
roles in AP protein aggregation.®®70 However, rather good
correlations of AB42 dimers conformations obtained by REMD
and aMD simulations justifies the use MARTINI approximation
in this work, although further use of this model needs
additional justifications.

Conclusions

MD simulations are widely applied to model various systems,
including amyloid aggregates. A major concern in these
modeling approaches is the validation of the obtained
structure. It is usually necessary to compare simulations with
experiments, but selecting an experimentally testable
parameter is problematic for transient systems such as
amyloid oligomers. The developed approaches fill this gap and
provide appropriate tools to test simulated structures.
Importantly, the simulation can be performed at conditions
identical to those in AFM force spectroscopy experiments11. In
the initial validation test, the simulated rupture forces are
compared with the experimentally determined values and the
selection is made based on the best fit to the experimental

rupture forces. The comparison is done for multiple
simulations to make the results statistically rigorous.
Moreover, we developed and tested another validation

method in which a different experimental parameter from the
AFM force experiment, the rupture pattern, is compared with
the simulated results. The combination of the two validation
criteria allowed us to increase the stringency in the selection
of the computational models. The proposed approach can be
extended to other complexes that can be probed by AFM force
spectroscopy experiments.
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