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Conformational Stability of Fibrillar Amyloid-Beta
Oligomers via Protofilament Pair Formation - A
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Abstract

Amyloid-f (Ap) oligomers play a crucial role in Alzheimer’s disease due to their neurotoxic aggregation properties. Fibrillar
Ap oligomerization can lead to protofilaments and protofilament pairs via oligomer elongation and oligomer association,
respectively. Small fibrillar oligomers adopt the protofilament topology, whereas fibrils contain at least protofilament pairs.
To date, the underlying growth mechanism from oligomers to the mature fibril still remains to be elucidated. Here, we
performed all-atom molecular dynamics simulations in explicit solvent on single layer-like protofilaments and fibril-like
protofilament pairs of different size ranging from the tetramer to the 48-mer. We found that the initial U-shaped topology
per monomer is maintained over time in all oligomers. The observed deviations of protofilaments from the starting
structure increase significantly with size due to the twisting of the in-register parallel f-sheets. This twist causes long
protofilaments to be unstable and leads to a breakage. Protofilament pairs, which are stabilized by a hydrophobic interface,
exhibit more fibril-like properties such as the overall structure and the twist angle. Thus, they can act as stable
conformational templates for further fibril growth. Key properties like the twist angle, shape complementarity, and
energetics show a size-dependent behavior so that small oligomers favor the protofilament topology, whereas large
oligomers favor the protofilament pair topology. The region for this conformational transition is at the size of approximately
twelve Aff monomers. From that, we propose the following growth mechanism from Af oligomers to fibrils: (1) elongation
of short protofilaments; (2) breakage of large protofilaments; (3) formation of short protofilament pairs; and (4) elongation
of protofilament pairs.
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Introduction

Alzheimer’s disease (AD) was first described in 1907 by the
psychiatrist and neuropathologist Alois Alzheimer[1]. Histological
examinations of AD brains indicate an accumulation of the
Amyloid-f peptide (Af) into plaques outside the neurons, leading
to hyperphosphorylation of the tau protein which itself aggregates
inside the neurons. Af is a fragment of the ubiquitously occuring
transmembrane amyloid precursor protein (APP) that is proteo-
lytically cleaved by two secretases to yield peptides of different
length, mainly 40 or 42 residues long[2,3]. Af monomers exist in a
dynamic equilibrium of a variety of conformations and the f-sheet
form can aggregate to oligomers and higher structures. Currently,
soluble oligomers of the misfolded Af peptide are thought to be
the toxic species in AD rather than amyloid fibrils in the
plaques[4]. However, there is still no complete understanding of
the cause of this neurodegenerative and lethal disease.

In fibrils and fibrillar oligomers, the Af monomer adopts a U-
shaped topology (Figure 1A) due to an overall sheet-turn-sheet
structure identified by NMR techniques[5-8]. The hydrogen bond
formation between two adjacent monomers in the stack results in a
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cross-f structure that is also known from various other aggregating
peptides[9-13].  Additional stabilizing effects arise from the
bifurcated salt bridge between D23 and K28 and from interactions
within the central hydrophobic core consisting of amino acids F19,
A21, 132, L34, and V36[5,7,8].

The growth of a fibrillar Af structure occurs in two major
processes. First, the addition of Af chains onto the ends of the
fibrillar oligomer, i.e. a protofilament, is called elongation and
occurs along the protofilament axis (IFigure 1B). Second, the lateral
merging of two such protofilaments into a pair is called thickening
and occurs parallel to the protofilament elongation axis
(Figure 1D)[14]. Although each of the two f strands of the
protofilament may serve as contact interface for thickening, there
is experimental evidence for the presence of a CC-interface in
APy and APy, with key residues 131, M35, V39, and I41
(Figure 1C)[15]. Additional theoretical studies confirm the
importance of the hydrophobic CC-interface for protofilament
thickening[16,17]. Elongation and thickening are two competing
processes that are difficult to dissect experimentally due to
conformational heterogenicity of oligomers, concomitant presence
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Figure 1. Presentation of the system and explanation of calculations. (A) The orientation of sidechains in the protofilament monomer with
the salt bridge between residues D23 (red) and K28 (blue), and residue M35 (yellow) of the C-terminus pointing towards the surrounding solvent. (B)
The 4-mer (O4) as an example for the orientation of peptide chains within the protofilaments. (C) The interaction between hydrophobic residues
around M35 (yellow) in the C-termini of two opposite protofilaments constitutes the interface in the protofilament pairs. (D) The 8-mer (O, 4) as an
example for the orientation of peptide chains in the protofilament pairs. (E) Two different angles were analyzed, the twist angle and the angle
between adjacent monomers. (F) Two oligomers can either be combined to form a longer protofilament (elongation) or be merged via C-terminal
contacts to form a protofilament pair (thickening). Therefore, two types of MM/GBSA calculations were performed: segmentation of protofilaments

along the red plane and segmentation of protofilament pairs along the blue plane.

doi:10.1371/journal.pone.0070521.g001

of different oligomeric states, and low solubility of higher
oligomers.

Molecular dynamics (MD) simulations have proven to be potent
tools in revealing structural properties and aggregation behavior of
Ap (see e.g. [18-20]). Energetical and structural stabilities of
protofilaments with five Af-strands and protofilament pairs with
ten strands have been studied in the group of Nussinov[16].
Buchete et al. investigated protofilament pairs with eight and
twelve A monomers[21,22]. The two growth mechanisms have
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further been investigated using MD simulations; the addition of
monomers to already formed fibrils is a thermodynamically driven
process[23-25], whereas the formation of multiple layered
protofilament pairs by fibrillar oligomers is kinetically more
favored, i.e. the formation of protofilaments is a prerequisite for
the formation of protofilament pairs[26]. As fibrils can be
reservoirs for toxic oligomers[4,27], further insight into early fibril
growth is important. Previously, we have studied the U-shaped
topology in fibrillar Af};, monomers to pentamers[28]. However, a
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systematic study about the conformation of larger oligomers is
missing.

In this contribution, we extend our work on fibrillar
oligomers[28] towards larger Af oligomers up to the 48-mer by
investigating the relative stability of protofilaments and protofil-
ament pairs using MD simulations. One particular aim was to
identify the most probable size at which the transition between the
two topologies occurs, i.e. when the formation of a protofilament
pair becomes favored over elongation of the protofilament. Our
results indicate that two Af pentamers or hexamers exhibit the
necessary compatibility to form protofilament pairs, so that we can
propose a detailed growth mechanism for fibrillar oligomers that
links the two growth mechanisms of elongation and thickening.

Materials and Methods

As in our previous study[28], the starting structure for all
systems is model 10 of PDB entry 2BEG that is an Afy, fibril
structure based on NMR spectroscopic data[5]. Residues 9 to 16
were added in an extended conformation using Sybyl[29] and
capped with an acetyl group. Although the N-terminal residues
may play an active role in Af aggregation e.g. via the
complexation of transition metal ions[30,31], the N-terminus itself
is not part of the fibrillar cross-f structure [5,7,8]. Residues 1-8
are therefore omitted in the simulations for the sake of
consistency[28]. Hence, the sequence of a monomer is Ac-
GY 1o EVHHQKLVFF;0AEDVGSNKGA3 IIGLMVGGVVyIA.
The innermost chain C of the PDB model was taken as reference
with a conformationally adjusted side chain of M35 to avoid
clashes upon interface modeling.

All protofilament  structures were created by generating
idealized protofilaments of different size via a mean translation
vector 7 from chain B to chain D (Equation 1),

1 Matoms 1

Lin oo |
Matoms =7 Z(XI *i ) ( )

=

where M,ioms are the total number of atoms of one Af chain, and
%8 and XP are the coordinates of the i atom in chain B or D,
respectively.

To obtain initial structures for the protofilament pairs, a pair of
hexamers as a reference structure was set up first. Therefore, one
protofilament hexamer was docked with Gramm[32] to the
hydrophobic interface of the second hexamer according to the
experimentally determined side chain register in Afi;;[15]. This
initial model of a protofilament pair was further finetuned by short
MD simulations with Amber[33]. Protofilament pairs of different
length were then generated using the same strategy described
above for the protofilaments (Equation 1). Figures 1B and D depict
the starting structures of O4 and Ojx4 as an example for a
protofilament and a protofilament pair, respectively. To distin-
guish between the oligomers of the two topologies protofilament
and protofilament pair, we use a systematic nomenclature: tiny
oligomers are Oz 41, O2x2, and O3, as well as O through O3
studied previously[28]; small oligomers are Oy, Os, O344, and
O« 5; medium-sized oligomers are Og and Oj4e; and large
oligomers are O12, Oz4, Ousg, O2x 12, and Oz 24.

All systems were neutralized by adding an appropriate amount
of sodium counter ions and solvated within a TIP3P[34] water box
with a box border distance of 15 A (20 A for Oa4 and Ogg). The
calculation setup for all simulations can be found in Table 1.
Calculations were performed using the Amberll program
suite[33] with the f199SB force field[35-37] and default settings
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Table 1. Calculation setup of the different oligomer
simulations.

total water N
system charge atoms molecules box dimensions (x, y, z [A])
O4 -8 35,018 10,990 60.3 69.7 103.3
Os -10 38,671 12,037 67.2 69.2 103.3
Og -12 44,400 13,776 715 69.2 111.3
Og -16 48,994 14,966 79.5 73.0 104.4
010 -20 56,336 17,072 93.7 71.0 104.4
(027} -24 64,140 19,332 103.3 71.8 105.3
0Oy4 -48 198,930 62,214 1724 96.9 134.9
Ogg -96 352,935 109,453 303.8 96.9 134.9
05,1 -4 92,044 30,340 octahedron*
0552 -8 91,766 29,902 octahedron*
0543 -12 92,436 29,788 octahedron*
O2a -16 63,370 19,758 92.2 128.1 65.7
Osxs -20 69,341 21,407 92.2 128.1 71.7
0546 -24 79,743 24,533 94.3 128.1 789
05412 -48 124,914 37,542 99.8 130.6 114.2
05424 -96 216,102 63,842 101.9 146.0 170.0
*The different shape of the solvent box accounts for the anticipated large
conformational flexibility.
doi:10.1371/journal.pone.0070521.t001

for non-bonded interactions. Long-range electrostatics were
calculated with the particle mesh Ewald (PME) approxima-
tion[38,39]; Shake was used for equilibration and simulation to
constrain hydrogen atoms[40].

Three consecutive minimization steps with decreasing restraints
were carried out with 5,000 cycles each. After 2,500 cycles the
minimization method was switched from steepest descent to
conjugate gradient. In the first step, the peptide atoms except
hydrogens were harmonically restrained, in the second step, only
the peptide heavy atoms were held fixed using a force constant of
10 keal - mol~'A~2 for both steps. In the third step, no restraints
were applied. The system was then gradually heated to the target
temperature (310 K) and the water density was kept at 1g-cm ™3,
The system was held at constant pressure for 0.1 ns with small
restraints on all heavy atoms; next, restraints were reduced to
backbone atoms only for 0.4 ns. Both times a force constant of
5 kcal - mol 'A=2 was used. After that, 0.5 ns without any
restraints were simulated. The ensemble was switched to NV'T and
the system was now kept at constant temperature and constant
volume. For the systems Oy4 and Ogg two independent simulations
were conducted for verification. A timestep of 2 fs was chosen for
all simulations and snapshots were collected every 5 ps. In total,
16 x50 ns were simulated saving 10,000 snapshots for each
system.

The twist angle of the whole system was calculated with the
analysis program ptraj (integrated in Amberl1) via the dihedral
angles of the Co atoms of V18 and V24 of the second and the
penultimate monomer. The angle of two adjacent monomers is
defined as the angle between the position vectors of residues V18
and V24 of the monomers in analogy to Zheng et al.[16]
(Figure 1E). Analysis of the water channel was carried out with
Mole[41]. The program Dssp was used for the calculation of
secondary structure elements[42,43]. For calculating the shape
complementarity the program Sc from the suite CCP4 was

July 2013 | Volume 8 | Issue 7 | e70521



Stability of Fibrillar Amyloid-Beta Oligomers

10

20 30
time [ns]

40

|_ 02><4 — 02><6 — 02><24 |

A
15 15
12.5 125}
— 10 — 10}
< . < -
T 75 8
E [ E
5
2.5
0 10 20 30 40 50 0
time [ns]
c D
|_04_06_024I
360J; ot ';L 360J;
100 |
m o 80
=) =) -
& S eo0f
o 2
2 2

A\

time [ns]

20 30
time [ns]

40 50

Figure 2. Rmsd values and twist angle for a small, medium,and large protofilament and its corresponding protofilament pair. The
rmsd values for the protofilaments (A) increase significantly with size of Af oligomers. Upon formation of the C-terminal interface leading to
protofilament pairs (B), the rmsd shows no difference between the small, medium or large system. Parallel in-register 5-sheets reveal a general twist
along the growth axis. The twist angle increases with size in the protofilaments (C) and is the reason for the rather high rmsd values (A). Upon
formation of the C-terminal interface leading to protofilament pairs (D), the twist angle remains stable over time, indicating that addition of a second

layer counteracts twisting of parallel f-sheets.
doi:10.1371/journal.pone.0070521.g002

used[44,45]. Salt bridges were monitored via the distance between
the carboxylic oxygens of D23 and the ammonium nitrogen of
K28 wusing a cutoff of 4.2 A[QS]. Energetic analyses were
performed using the MM/GBSA method[46] from Amberll
(Generalized Born model 2[47]). To obtain the stabilization for the
two mechanisms of elongation and thickening, interaction energies
within symmetrically segmented protofilaments and protofilament
pairs were calculated (Figure 1F). Visualization of the trajectories,
analysis of the hydrogen bonds, and generation of structure images
were carried out with Vmd[48]. All simulations were performed
on the compute cluster of the ‘“Regionales Rechenzentrum
Erlangen™.

Results and Discussion

Overall Structural Stability

The root-mean-square deviation (rmsd) is an established
measure in molecular dynamics studies for a quantitative analysis
of conformational stability. Table 2 lists the rmsd values for all
systems after 50 ns (see also Figure S7 and S8 in File SI). The
smallest deviations are observed for the small protofilaments and
the large protofilament pairs (Figure 2, Table 2). In contrast, the
tiny protofilament pairs and the large protofilaments undergo
larger structural changes (Figures 3E and S4 in File SI). However,
visual inspection (Figure 3) shows that these high rmsd values do
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not generally result from an unfolding of the structure but rather
from a systematic distortion (Figures 3E and S4-S6 in File SI).
To avoid a misinterpretation of the rmsd values, we performed
a careful visual analysis of all trajectories (Figure S1-S6 in File SI).
A first finding was that all three tiny protofilament pairs Oz« 1,
O3 x2, and O3 3 lost their initial protofilament pair conformation.
The dimer Oz quickly collapsed into a coil structure; the C-
terminal interface around M35 between the two chains opened up,
and instead formed an antiparallel f-sheet around the central
hydrophobic core residues (L17, F19, A21) in both chains. This
newly established secondary structure element was stable through-
out the simulation (Figure S4 in File SI). In the O; 4, oligomer, the
two fibrillar dimers retained their general fold, but again the
hydrophobic CC-interface contact between the protofilament
pairs was lost. However, rotating of the two dimers towards each
other formed an antiparallel f-sheet between the C-terminal f-
sheets. In contrast, the N-terminal sheets of both dimers did not
come close enough during the simulation to form a second
antiparallel f-sheet (Figure S4 in File SI). The protofilament pair
of the trimer O, 3 displayed a strong shear movement between
the two Af stacks. Although the two trimers stayed in contact via
the hydrophobic interface throughout the simulation, they showed
a certain drift along this interface. In summary, the two halves of
O242 and O3 retained their general fold, whereas the two
monomers in Oy, refolded completely; this behavior is very
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similar to the isolated systems Ojp, Oz, and O3 investigated
previously[28]. We can therefore conclude that the hydrophobic
CC-interface contact in three tiny oligomers Oz 1, Ozx2, and
O2 3 is not sufficient to stabilize the protofilament pair fold; thus,
no further quantitative analyses were performed for these species.

All other Af oligomers of both topologies retained the general
characteristics of their initial conformation (Figure S1-S6 in File
SI). Although the outer chains and the turn regions displayed an
enhanced flexibility, the sheet-turn-sheet topology was stable in all
chains of all oligomers and the hydrophobic interface stayed intact
throughout the simulations. In the C-terminal region of the
protofilaments, however, the chains bent upwards starting at
residues G37/G38 to hide the hydrophobic side chains of residues
35, 39, 40, and 41 orientated towards the solvent. This flexible
hinge, which was already described for small fibrilar Af
oligomers[28], is also present to a certain extent in the small
protofilament pairs Oj x4 and Oj«s. There, the flexible region
disrupts the C-terminal f-sheet, although the respective residues
are actually covered by a second layer of Af stacks.

The findings from visual analysis are confirmed by an analysis of
the secondary structure content. Figure 4 presents the mean f-
sheet content per residue for Oj 44 as example. Each monomeric
chain displays a similar fold in the system. Small differences
between the terminal chains, however, suggest different tendencies
for elongation[23-25]. In general, these results are also found in all
other oligomers; the respective plots are given in (Figures S13-S22
in File SI).

To further quantify our findings, we performed a hydrogen
bond analysis. The results show that the number of hydrogen
bonds converges to a constant value for each system (Figures S9
and S10 in File SI). In the case of O3« 12 and O3« 24, the hydrogen
bonds of the parallel C-terminal strands become more stable. The
decrease of hydrogen bonds in the protofilaments on the other
hand is partially caused by the flexibility of the outer chains.
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Table 2. Values of the rmsd after 50 ns and the mean twist angle over the last 10 ns of the simulation.
oligomer rmsd [A] twist angle [°] angle between adjacent monomers [°]
O, 6.14 11.86 14.89

Os 8.01 2293 13.24

Og 7.21 33.60 14.84

Og 5.26 2235 6.08

(027 6.87 43.65 8.07

015 7.86 62.77 9.94

), 10.19 102.94 5.43

Ous 2434 312.19 6.17

Osx1 16.57 —* —*

05,2 12.35 —* —*

O2x3 1259 —* _x

Oza 6.02 10.88 12.39

Ooxs 5.07 20.55 11.81

056 561 18.82 6.20

0 3.99 20.45 2.72

05524 522 3045 2.54

*The tiny oligomers O, 1, O,,, and O,,3 were excluded from systematic analysis due to loss of their initial fold.

Hydrated Salt Bridges

According to NMR data, the salt bridge between residues D23
and K28 is bifurcated in Ap fibrils and forms intramolecular and
intermolecular contacts simultaneously[5,6,49]. The intramolecu-
lar salt bridge contact stabilizes the U-shaped Af chain within the
oligomer. In our simulations, these stabilizing contacts occured
more frequently in the center of the oligomers than in the flexible
end regions. The intermolecular salt bridges that add to the
stability of the overall oligomer fold show similar characteristics.
However, the occurencies at the growing end exceed those at the
opposite end of the fibrillar structures, both within a single layer
protofilament and in each layer of a protofilament pair.
Furthermore, the additional fibrillar layer increases the stability
of intermolecular salt bridges. In Oj2 and Og4, the salt bridge
stability between the inner chain pair H-T and J'-K!, respectively,
is significantly decreased, whereas no such behavior was observed
in Ozx12 and Oj424. Comparing the absolute occurrencies of
intra- and intermolecular salt bridges, the latter are more stable,
especially for larger oligomers. Table S1 in File SI provides a
detailed list of all intra- and intermolecular salt bridge contacts and
their occurrencies. Our analysis confirms the structural impor-
tance of the D23-K28 salt bridge in fibrillar Af structures of
different size.

Each salt bridge points towards the interior of the turn and
forms a ladder of ionic interactions between adjacent Af
monomers (Figure 5A). Together, they span a channel along the
oligomer accessible for the surrounding solvent; visual inspection
confirmed water influx in all oligomers. Closer investigations
showed water channel exits not only at both fibrillar ends but also
between neighboring turns in oligomers of all sizes (Figure 5B).
Due to their intrinsic flexibility, smaller oligomers have more
channel exits than larger oligomers with tighter packed f-sheets.
Thus, the water channel is stabilized by increasing oligomer size.

Calculations of the channel diameter (*8.51 A) and the diffusion
cocfficient for channel water (0.34 and 0.87 x 10~3cm?-s~! of Os
and O, 5, respectively) match the results of previous studies [16].
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Figure 3. Final structures of the simulations of a small, medium, and large protofilament and its corresponding protofilament pair.
(A) The protofilament tetramer (O,4) reveals a large twist angle and a flexible hinge region in the C-terminus. (B) The protofilament pair octamer (05 ..4)
shows a similar twist angle to the O4, but the hydrophobic residues in the C-terminus are covered by the second layer. (C) The protofilament hexamer
(Og) displays the large twist of the parallel 5-sheets. (D) The protofilament pair dodecamer (O, ) has a smaller twist angle than the protofilament
hexamer due to the conteracting stabilization by the C-terminal interaction. (E) The protofilament 24-mer (O»4) shows a small angle between adjacent
monomers but the large overall twist angle. (F) The protofilament pair 48-mer (O; «24) shows that the overall twist angle is reduced upon C-terminal
interaction.

doi:10.1371/journal.pone.0070521.g003
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Figure 4. Stability of -sheets in the protofilament pair 8-mer (O, 4). (A) Chains A and E are the terminal chains in growth-direction, chains D
and H are the terminal chains on the other end of the oligomer; each chain consists of 35 residues. (B) Mean content of parallel f-sheets. N-terminal
and C-terminal f-sheet of each monomer are separated by a turn region. See Figures S13-S22 in File SI for the results of all other oligomers.
doi:10.1371/journal.pone.0070521.g004
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Figure 5. Hydration of oligomers along the salt bridges between D23 and K28. (A) Salt bridges along the 10-mer (Oy), the side chains of
D23 and K28 are depicted as red and blue sticks, respectively. (B) Visualization of the water channel in the protofilament 12-mer (O;3, 50 ns); main
entrance channel (green) and channel exits through neighboring turns (red).

doi:10.1371/journal.pone.0070521.g005

The diffusion coefficient in the channel obtained from our
simulations and the one of bulk water described in literature
(TTP3P water 5.066 4 0.09 x 10~ 3cm?-s~![50]) differ by one order
of magnitude indicating a restricted mobility of the channel water.
This effect is caused by the breakage and reformation of hydrogen
bonding interactions between the water molecules and the charged
amino acid side chains of D23 and K28 inside the channel.

Taken together, we observe a series of salt bridge-stabilized
oligomers that all posess a water channel in accordance with the
experiment and other simulations[5,6,16,49]. In the next step, we
wanted to investigate whether these oligomers can also provide
insight into the mechanism of elongation.

Elongation of Fibrillar Oligomers

The conformational stability of the N-terminal f-strand plays an
important role in fibril elongation[23,24]. Here, we observe that
N-terminal strands are more stable in small protofilaments
compared to the small protofilament pairs (Table 3). For this
analysis, the N-terminal sheet is defined from G9 to F19, and the
C-terminal sheet is defined from 132 to A42 (Figure 1A). The f-
sheet content in the two different sheets increases with oligomer
size in the two topologies; generally, the content of f-sheet is
higher in the N-terminus than in the C-terminus of all
protofilaments. A significant difference between the content of f-
sheet in both termini in the protofilament pairs is not observed
(Figure 4). The presence of f-sheet in the oligomers is similar to
fibrils[51,52] and the findings of a stable ff-sheet at residues 9 to 19
in this work are in accordance with experimental results[6,53,54].
These experiments also propose that the N-terminal strand
represents the initial site of recognition for an incoming Af
strand. The dock/lock-mechanism[23-25] investigated by com-
putational means supports our observations that deposition of new
Af monomers can already occur on small protofilaments: the f-
sheet content is higher in the N-terminus than in the C-terminus
and parallel ff-sheets are more stable in the innermost monomers
of the protofilament.

Additionally, the salt bridge between D23 and K28 is important
during fibril formation[6,18,49]. In our simulations, intramolec-
ular salt bridges are most stable in the interior of the oligomers,
whereas intermolecular salt bridges are more stable at the growing
end of the oligomers, i.e. where the f-sheet content is increased
(Figure 5). These findings suggest that intramolecular salt bridges
are needed to stabilize the oligomer itself, while elongation of
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oligomers depends on stable intermolecular salt bridges at the
growing end.

Thus, our results support the elongation mechanism proposed
by Tarus et al.[55]: after N-terminal recognition of a new Af
monomer at the edge of the fibril, formation of the intermolecular
salt bridge between D23 and K28 can establish the turn structure
which itself facilitates the formation of the U-shaped topology.

Preference for Protofilaments or Protofilament Pairs

From the data above, both protofilaments and protofilament
pairs appear elongation competent. N-terminal strands are more
stable in protofilaments; therefore, the initial growth most
probably occurs in this species. Since mature fibrils consist of
protofilament pairs, the question arises at which size the
protofilaments recombine to form protofilament pairs. In the
present set of Af oligomers, three different properties were
therefore analysed: the stabilization energy; the twist angle; and
the shape complementarity.

First, we performed MM/GBSA calculations on protofilaments
and protofilament pairs with 8, 10, 12, 24, and 48 monomers to
find out which conformation is energetically preferred upon
combining two smaller oligomers of half the size. For this analysis,
protofilaments were segmented in the middle of the longitudinal
growth axis and protofilament pairs were segmented along the C-
terminal interface to monitor the interaction energy gained
through recombination via the respective interface (Figure 1F).
The energetic calculations (Table 3) reveal that up to the decamer
small protofilament pairs are less favored than protofilaments. FFor
example, the interaction energies of Og and Ojx4 are
—131.26 kcal'mol ~! and —80.72 kcal'mol ~!, respectively; elon-
gation is therefore preferred over thickening at this oligomer size.
In contrast, the interaction energies of Oy and Osyqy are
—96.31kcal'mol ! and —266.96kcal'mol !, respectively, clear-
ly favoring the growth via thickening. Additionally, the C-terminal
sheets are stabilized by stacking interaction of hydrophobic
surfaces which is reflected in the amount of secondary structure
elements that is higher in the protofilament pairs. Taken together,
we observe a distinct crossing point of the two curves where the
conformation of protofilament pairs becomes energetically more
stable than the conformation of the protofilament (Figure 6).
Oligomers larger than 2x6 monomers, thus, should prefer the
protofilament pair conformation (Table 3).
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Second, we measured the development of the twist angle
because in-register f-sheets generally twist around their longitu-
dinal axis[56]. Large Af protofilaments reveal a large overall twist
in MD simulations that results in a high deviation from the starting
structure. We observed this behavior already in a previous study of
an Af nonamer that showed an angle between adjacent
monomers of approximately 5 giving rise to a total twist angle
of ca. 40 [57]. In the present work, the large protofilament O
exhibits a twist greater than 100" (Table 2 and Figure 7A); the twist
of Oy4g of more than 310 is depicted in Figure 7B. In contrast to
the twist angles of the protofilaments that increase rapidly with
length, the twist angles of the protofilament pairs increase rather
slowly with increasing size (Table 2, Figure S11 and S12 in File
SI). The opposite trend is observed for the angles between two
adjacent monomers; with increasing oligomer size the angle
decreases in both the protofilaments and the protofilament pairs
(Table 2). A closer look at the small oligomers shows that the twist

protofilaments — protofilament pairs
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Figure 6. Interaction energy analysis of the protofilaments and
protofilament pairs from the 8-mer to the 48-mer. The MM/GBSA
interaction energy of the protofilament pairs decreases significantly
with size, whereas longer protofilaments become increasingly unstable.
Formation of protofilament pairs over formation of longer protofila-
ments becomes favored for oligomers consisting of 12 monomers.
Further elongation of protofilaments increases instability.
doi:10.1371/journal.pone.0070521.g006
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Table 3. Mean content of parallel S-sheet (in %) and the results of the MM/GBSA calculation (in kcal-mol~").
Oligomer whole protein in the N-terminus in the C-terminus interaction energy
O4 50.04 77.12 45.80 —*

Os 48.10 76.13 36.97 —*

Og 53.54 83.82 49.18 =

Og 60.24 85.68 56.97 -131.26
(027 56.01 83.63 50.67 -122.10
(0294 60.24 82.35 63.14 -141.61
0,4 66.37 87.81 73.52 -96.31

Oug 67.27 87.03 78.73 -35.49
Oya 60.90 53.59 4564 -80.72
O,xs 60.78 59.60 53.95 -117.12
Os6 63.00 62.50 61.28 -150.84
02512 68.74 77.14 79.02 -266.96
02524 71.19 86.67 86.79 -565.28
*The small oligomers O,4, Os, and Og were excluded from energetical analysis because no protofilament pair complement existed in this study.
doi:10.1371/journal.pone.0070521.t003

angles are rather similar for O4 and O34, Os and O; 45, and Og
and Oj4e; additionally, the angles between two adjacent
monomers are similar for O4 (14.89) and Oz44 (12.39), and
Os (13.24 ) and Oy 5 (11.81 ). Comparison of the angles between
the other protofilaments and their protofilament pairs shows less
compatibility. Therefore, the twist angle analysis is in line with the
energetic results about the number of monomers that can either
form a single protofilament or a protofilament pair: 2 x4 and 2 x 5
monomers fit nicely and 2 X 6 monomers should still be tolerated.

Finally, we calculated the shape complementarity for all
protofilament pairs to have a measure for the steric zipper quality
of the C-terminal interface, i.e. the mutual orientation of the
amino acid side chains. The shape complementarity for Ojy4
(0.673) and Ozxs5 (0.715) 1s in the range of antibody/antigen
interfaces (& 0.68)[44], whereas it is in the range of protein/
protein inhibitor interfaces (& 0.74)[44] for the larger protofila-
ment pairs (Oax¢: 0.742, Oz 12: 0.733, O3« 24: 0.744) which 1s in
line with previous studies[9,10,16]. The low degree of comple-
mentarity in the small oligomers might be due to the presence of
water molecules in Oy, 4 and Ojy5 near the flexible G37/38
hinge in the interface; water along the fibril interface was already
detected in other simulation studies[22,58]. Conversely, Ozx¢
already exhibits a high shape complementarity that does not
further increase for the larger O; N oligomers.

The stabilization energy, the angle between two adjacent
monomers, and the shape complementarity are indicators that
stable protofilament pairs can be formed from small protofila-
ments. Protofilament tetramers and pentamers can readily
associate to the protofilament pair structure without any changes
in the twist angle, as can be seen from similar angles between two
adjacent monomers and a similar shape complementarity. For the
protofilament hexamer Og and protofilament pair dodecamer
O3 6 the angle between two adjacent monomers starts to diverge;
the interface of the protofilament pair strengthens due to more
hydrophobic interactions resulting in a higher shape complemen-
tarity and a reduced twist of f-sheets compared to the
protofilament hexamer. According to the data above, the
favorable size of a protofilament that can combine to form a
protofilament pair seems to be 2 x5 to 2 x 6 monomers.
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Figure 7. Breakage of the protofilament 24-mer (O,;) and 48-mer (Og). Final snapshots of the MD simulation after 50 ns show that the
overtwisting of parallel f-sheets initiates a breakage into oligomers of smaller size. Breakage points in the 24-mer (A) and the 48-mer (B) are indicated

with red arrows.
doi:10.1371/journal.pone.0070521.9g007

Instabilities in Large Protofilaments

Next, we investigated to what extend large protofilaments retain
their general topology. The values of the twist angles for the large
protofilaments O13 (62.77 ), O (102.94 ), and Ogg (312.19 ) show
that strong deviations from the starting structure result from the
twisting of the in-register parallel f-sheets as described in
literature[12,56]. The overtwisting of the protofilaments (6.17
per monomer in the 48-mer compared to 0.45 per monomer in
the fibril[5]) results in a breakage of the f-sheets (Figure 7).
Additionally, clearly reduced intermolecular D23-K28 salt bridge
stabilities for inner chains in these species are also indicative of
such structural instabilities (T'able S1 in File SI). This breakage was
also observed in experiments with oligomers[59] and other
computational studies of protofilament dodecamers[60]; in all
cases, the fragments are of the sizes from 4 to 9 monomeric
subunits. Moreover, two energetical effects can be seen in Figure 6.
First, large protofilaments are less stable compared to their
protofilament pair counterparts, and second, protofilaments
become more instable for increasing size. Compare the values
for Oy (—96.31) and Oz412 (—266.96); Ous (—35.49) and
Oax24 (—565.28), and, to a lesser extent, Ojp (—141.61) and
036 (—150.84)(all values in kcal'mol ™).

Protofilaments exhibit a stable N-terminal strand and can
therefore grow via elongation[23-25]. Thickening, i.e. the lateral
association of a second layer, is kinetically less favorable and
occurs on larger timescales[26,59]. Further elongation of proto-
filaments leads to a breakage producing more growing ends that
might explain the exponential growth and the spread throughout
the brain[59]. When protofilament fragments break off a fibril,
they can exert their neurotoxic properties or recombine to form
protofilament pairs. The latter ones are conformationally stable
and are expected to allow fast fibril growth, i.e. not staying at the
Oy ¢ size.

Our simulations suggest that oligomers larger than the
dodecamer do not exist i vivo. They either break apart if they
are further elongated in their protofilament conformation or
combine to protofilament pairs that readily grow to fibrils. These
observations are in agreement with experiments that mainly
observe oligomers the size of dodecamers[61-64]. Other compu-
tational studies proposed a similar smallest number of Af
monomers to be stable in protofilament pair conformation as
suggested here[65,66].

Protofilament Pairs are Fibril Primers

Several studies indicate that fibril growth must occur via
thickening[5,7,15,16,19]. The protofilament pairs in this study
exhibit certain fibrillar properties suggesting that they are
precursors or primers of large Af fibrils. The structures of Af
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fibrils reveal that the fibril is twisted around its axis[5,12] which is
also observed for the oligomers. In fibrils, the twist angle is 0.45
per monomer[5], whereas it is 2.45 per monomer for O 24 here.
As the twist angle per monomer decreases with length in the
protofilament pairs, they might match the fibril value of 0.45 for
very long protofilament pairs. The twist of protofilament pairs is
much more similar to the fibril when compared to protofilaments
(O2x24 :30.45, Oyg : 312.19'). The twist angle in protofilament
pairs is smaller than in protofilaments (Table 2) because the
hydrophobic interaction via the C-terminal f-sheet stabilizes the
protofilament pairs. Additionally, protofilament pairs show a good
shape complementarity and exhibit a steric zipper with the side
chains of the C-terminal interface interacting via van der Waals
contacts[9,10,16,19,67].

Concerning toxicity, oligomers are more harmful than
fibrils[68—70]. As protofilament pairs exhibit fibril-like properties,
it can be assumed that they are less toxic than small protofila-
ments. Large protofilament pairs can act as nucleation points for
fibril growth, because they possess a stable and fibril-like topology.
In constrast, we observed an instability of large protofilaments
apparent in several breaking-points. They can therefore act as
reservoirs for small toxic oligomers and can seed further growth of
protofilaments.

Proposed Growth Mechanism of Fibrillar Oligomers

A aggregation is a complex process that can be influenced by
the surrounding microenvironment like metal ions concentra-
tion[71,72] or pH changes[73,74]. To shed more light onto the
mechanism of oligomer growth, all-atom molecular dynamics
simulations were used to study the conformational stability of Af 4,
protofilaments and protofilament pairs in a systematic way. From
our results, a general growth mechanism combining the existing
mechanisms of elongation and thickening can be proposed.
Herein, the preferred oligomer growth mechanism changes from
elongation to thickening at the size of decamers and dodecamers,
as depicted in Figure 8.

The formation of a fibrillar oligomer seed, ie. a small
protofilament, from the pool of monomers is the prerequisite for
fibril nucleation (No. 1 in Figure 8). For the elongation via addition
of monomers, stable N-terminal -sheets are required according to
the dock/lock-mechanism[23-25]. Analysis of secondary structure
elements revealed stable f-sheets in the N-termini and higher
content in the protofilaments than in the small protofilament pairs
(Figure 3). Therefore, protofilaments of all size, the large
protofilament pairs, and, to a lesser extent, the small protofilament
pairs can be elongated along the longitudinal growth axis (No. 2, 3,
6, and 8 in Figure 8).
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As parallel f-sheets twist around their axis, the twist angle was
measured for all oligomers (Table 2). In protofilament pairs, the
angle increases slowly with size, whereas the large protofilaments
reveal a large twist that results in breakage sites within these
instable oligomers (Figure 7). This instability was further
confirmed by energetic analyses (Figure 3) that showed a decrease
of stability for the protofilaments. In contrast, the protofilament
pairs gain stability upon longitudinal growth. Therefore, large
oligomers become structurally instable and break into smaller
protofilaments (No. 4 in Figure 8).

Distortion and structural instabilities of large protofilaments
hamper their recombination to protofilament pairs, so small
protofilaments need to form the protofilament pairs. The
comparison of the angles between two adjacent monomers
(Table 2) in the small protofilaments O4 and Os and their
corresponding protofilament pairs Ozx4 and Oj4s5 reveals
matching values. Thus, two of those small protofilaments can
readily dimerize to protofilament pairs (No. 5 in Figure 8) and
need no structural reorganization before dimerization, although
the energetic gain is rather small. For larger Af oligomers, the
dimerization of two protofilaments to protofilament pairs is driven
by the gain of interaction energy. While the twist angle disfavors
the dimerization of larger protofilaments, it is still rather similar
between Og and Oj . Furthermore, larger protofilament pairs
from the Oj4¢ onward show a high shape complementarity.
Therefore, two protofilament hexamers have a favorable size to
form a protofilament pair dodecamer (No. 7 in Figure 8).
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The energetic MM/GBSA analysis (Figure 6) revealed the
dodecamer as crossing point for the stability of the two topologies.
Up to 12 Af monomers, the protofilament conformation is
preferred, whereas the protofilament pair conformation is
energetically more favorable for large oligomers. Therefore, the
growth mechanism changes from elongation of protofilaments to
thickening, i.e. formation of protofilament pairs. Further down-
stream, protofilament pairs can grow via elongation and further
thickening to form fibrils and finally plaques (No. 9 in Figure 8).

In summary, we propose the following growth mechanism from
Ap oligomers to fibrils: first, short protofilaments grow via
clongation; second, large protofilaments become structurally
instable and break apart; third, short protofilaments combine to
short protofilament pairs; and finally, protofilament pairs grow
further by elongation. Thus, Af protofilament pairs can act as
seeds for fibril formation, whereas protofilaments bechave as
templates for the addition of further monomers and therefore
might be responsible for toxicity.

Supporting Information
File S1 Figures S1-S22 & Table S1.
(PDF)
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