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ABSTRACT: Nine inherited neurodegenerative diseases are
associated with the expansion of the CAG codon. Once the
translated polyglutamine expansion becomes longer than ∼36
residues, it triggers the formation of intraneural protein
aggregates that often display the signature of cross-β amyloid
fibrils. Here, we use fully atomistic molecular dynamics
simulations to probe the structural stability and conformational
dynamics of both previously proposed and new polyglutamine
aggregate models. We test the relative stability of parallel and
antiparallel β sheets, and characterize possible steric interfaces
between neighboring sheets and the effects of different
alignments of the side-chain carboxamide dipoles. Results
indicate that (i) different initial oligomer structures converge
to crystals consistent with available diffraction data, after undergoing cooperative side-chain rotational transitions and quarter-
stagger displacements on a microsecond time scale, (ii) structures previously deemed stable on a hundred nanosecond time scale
are unstable over the microsecond time scale, and (iii) conversely, structures previously deemed unstable did not account for the
correct side-chain packing and once the correct symmetry is considered the structures become stable for over a microsecond, due
to tightly interdigitated side chains, which lock into highly regular polar zippers with inter-side-chain and backbone−side-chain
hydrogen bonds. With these insights, we built Q40 monomeric models with different combinations of arc and hairpin turns and
tested them for stability. The stable monomers were further probed as a function of repeat length. Our results are consistent with
the aggregation threshold. These results explain and reconcile previously reported experimental and model discrepancies about
polyglutamine aggregate structures.
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An expansion of a coding trinucleotide repeat, CAG,
translated into an anomalous, expanded polyglutamine

(polyQ) tract in the corresponding mutant proteins, is associated
with at least nine inherited, fatal neurodegenerative diseases
including Huntington’s disease (HD), dentatorubralpallidoluy-
sian atrophy (DRPLA), six spinocerebellar ataxias (SCA 1, 2, 3, 6,
7, and 17), and spinal-bulbar muscular atrophy (SBMA).1 The
disease risk and the age-of-onset are correlated with the length of
the encoded polyQ expansion, which exhibits a pathogenic
threshold of approximately 35−42 glutamine residues, for all but
two diseases. Although each disease has a different pathology,
they all display polyQ-rich aggregates in neurons once the
expansion sequence has crossed the threshold. Thus, it is
believed that the neuronal toxicity of polyQ diseases is caused by
the polyQ expansion itself, and all the diseases share some
common molecular mechanisms of neurodegeneration.2,3

Insoluble aggregates of polyQ tracts have been observed in
vitro, in cell and in animal studies,4−6 and in diseased human
brain tissue.7 In addition to the mature fibrils, neurons also
exhibit a variety of soluble aggregates, sometimes called
“protofibrils”.8−10 One possible scenario for the aggregation
kinetics of pure polyQ has been described as a nucleation−

growth polymerization,3−5,11−13 but this mechanism can coexist
with transient and metastable structures that occur before or
simultaneously with fibril formation,4,5,8−11,14−16 and that may
be on- or off-pathway to the formation of aggregates. Although
the polyQ-rich aggregates are the most visible cytological
features of the polyQ disorders, at present it is not clear whether
the formation of aggregates is the cause of toxicity in neuronal
cells17 or whether large aggregates represent a cellular protective
response against further toxicity,15−24 while soluble monomeric
or oligomeric intermediates are toxic to the cell.2,15−26 These
findings, common to all amyloid diseases,24 have spurred efforts
to understand the structural attributes of soluble oligomers and
amyloidogenic precursors.
The determination of the structure of both soluble oligomers

and aggregates of amyloid proteins has motivated extensive,
multidecade research efforts. In particular, many structural
models have been proposed for polyQ aggregates, such as α-
helical coiled coils,27 β helices,28 α sheets,29,30 and β sheets.31,32
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Current evidence based on polyQ fibers and crystallites supports
the presence of cross-β structures,31−36 common to other
amyloid fibrils. In a cross-β structure, the β-strand backbones and
side chains are perpendicular to the fibril axis, while the backbone
hydrogen bonds are, on average, parallel to the axis. In addition,
these structures exhibit dry, “steric-zipper” interfaces37 between
the β sheets (where the residue side chains intermesh with close
complementarity).
Given the experimental difficulties to obtain atomic resolution

in aggregates, simulations provide invaluable insights into the
atomic structure and dynamics of small polyQ aggregates.
Unfortunately, approximations used in simulations, although
sometimes needed to make progress, can occasionally com-
promise the biochemical or structural identity of the system and
thus inadvertently contribute to the confusion that exists in an
already complex field. In our experience, we find that acutely
subtle interactions (van der Waals interactions, electrostatic
effects, dihedral angles, etc.) that characterize polyQ molecules

have not been adequately captured in current coarse-grained
models. In particular, it has been shown that polyQ peptides are
characterized by long-range correlation effects,13 that may ormay
not be present in some of the more simplifiedmodels. We believe
that the best way to test models is by making contact with high-
resolution experiments and providing an explanation to the
experimental findings. In the case of polyQ aggregates, a fully
atomistic description is needed. An example of this is given by the
work of Sikorski and Atkins32 who in 2005 proposed a model to
explain the X-ray diffraction patterns obtained from crystalline
fibers and films of a D2Q15K2 polypeptide

28 (which had originally
been interpreted as a hollow, water-filled nanotube28). The
model successfully explained the main features of the diffraction
pattern and, in our estimation, became a turning point in the
structural interpretation and understanding of these aggregates.
Unfortunately, these aggregates do not lend themselves easily to
high- (or medium-) resolution characterization. Thus, such
simulations are not very common, although when they do exist,

Figure 1. Q8 protofibril models. APS and PS denote antiparallel and parallel β sheets, while APP and PP denote antiparallel and parallel packing. The
balls indicate the N-termini of the peptides.
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they can provide invaluable insight into the structure of
protofibrils. Another case in point is provided by ref 38, where
careful modeling of the system, involving the introduction of
various mathematically well-defined crystallographic symmetries,
provided very realistic models for Alzheimer’s β-amyloid fibrils,
in excellent agreement with NMR and X-ray fiber diffraction
data.
In this work, we carry out fully atomistic molecular dynamics

simulations with explicit solvent and state-of-the-art force fields
to probe the structural stability and conformational dynamics of
various polyQ aggregates, for a cumulative time of over 23 μs. In
particular, we model the oligomeric polyQ aggregates along the
lines of ref 32 (a static model that was not tested for stability), but
we characterize the possible combinations of peptide stacking
and side-chain packing that lead to different steric zipper
interfaces. We find that all the models introduced to account for
all possible symmetries converge to crystals consistent with
available diffraction data, after undergoing spontaneous cooper-
ative side-chain rotational transitions and quarter-stagger
displacements on time scales up to microseconds. The fact that
such long time scales are required for these conformational
transitions also provides a word of caution when interpreting
polyQ simulation results. In particular, structures deemed as
“polymorphs” could simply be the consequence of inadequate
sampling. Moreover, as we discuss below, side-chain packing that
lacks the correct symmetry might lead to unstable structures. The
structures presented in this work are stable for over 1 μs due to
the interdigitated side chains, which lock into highly regular polar
zippers with inter-side-chain and backbone−side-chain hydrogen
bonds. In addition, we test the stability of aggregated Q40

monomers (just above the aggregation threshold) that include
different combinations of arc turns or hairpin turns and classify
the range of models from unstable to very stable. Finally, we test
the stable monomeric models as a function of sequence length
and our results are consistent with the aggregation threshold.
These results explain and reconcile previously reported
experimental and model discrepancies about polyglutamine
aggregate structures.

■ RESULTS

PolyQ expansion is at fault for the formation of intraneuron
protein aggregates. Often, these aggregates exhibit patterns
attributed to cross-β amyloid fibrils. In this work, we carry out a
comprehensive survey of various aggregate models that are
compatible with experimental data, linking their relative stability
with features of the models (some of which have been proposed
before and some of which are new). In addition to studying the
stability of parallel and antiparallel β sheets, we map out all the
possible steric interfaces that account for the interaction of a
sheet with its neighbors, and the effects of different alignments of
the side-chain carboxamide dipoles. Once a comprehensive
picture for polyQ oligomeric aggregates has emerged, we use this
information to build monomeric aggregates of Q40 (just above
the aggregation threshold) with different combinations of arc and
hairpin turns. These models are then tested for stability, and for
those that are stable, additional studies are performed to test the
sequence-length dependent stability of the models. Our work
references at least 75 different structures (either Q8 oligomers or
Qn monomers, with selected values of n between 29 and 40).
Hence, in order to understand the results, we first need to
provide a brief description of how the models were built and the
nomenclature used to describe them.

Oligomeric Q8 Structures. We first constructed a dimer
structure of the octopeptides Ace-(Gln)8-Nme (Q8), as
described in the Methods section. The initial peptides had fully
extended side chains, except for the angle N−Cα−Cβ−Cγ, whose
initial values are described later. We then used the dimer
structure to build M × N oligomeric “crystals”, with unit cell
parameters a = 9.50 Å (twice the average hydrogen bond
distances) in the x direction, side-chain packing distance of 8.33
Å (which results in b = 8.33 Å or b = 16.60 Å according to the type
of packing), and c = 6.57 Å (parallel) or 6.95 Å (antiparallel) in
the z direction, as sketched in Figures 1 and 2. These unit cell
parameters correspond to previous fiber diffraction experiments
and models.32 Here, M and N refer, respectively, to the number
of Q8 peptides in a sheet, and to the number of sheets in the
aggregate. In addition to the M and N indexes, each fibril model
was characterized by (i) the relative orientation between two
neighboring strands in a sheet, which can be a parallel sheet (PS)

Figure 2. Initial polyQ crystal structure on the yz (a) and xy (b) planes, and structure on the xy plane at t = 1 μs (c). The big spheres in panels b and c
indicate the peptide axis. Possible unit cells are depicted by colored boxes with lattice parameters a = 0.950 nm, b = 1.660 nm (cyan) or b = 0.830 nm (red
dashed line), and c = 0.657 nm (parallel) or 0.695 nm (antiparallel).
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or an antiparallel sheet (APS), and (ii) the relative orientation
between two neighboring stacking sheets, which gives rise to
parallel packing (PP) or antiparallel packing (APP). This
assumes an alternating pattern between the strands in a sheet
and between the sheets in an oligomer, such that every other
element has the same orientation in the antiparallel cases (or all
the elements have the same orientation in the parallel cases). We
considered 34 oligomermodels withM in the range 2−4 andN in
the range 1−4, as listed in Figure 1. In addition, the initial
conditions included peptides whose side-chain carboxamide
groups were all oriented in the same direction giving rise to a net
total dipole (TD) in the x direction and configurations in which
the upper side-chain dipoles canceled the lower side-chain
dipoles giving rise to a net zero dipole (ZD) in the x direction.
For the packing along the y direction, we generally considered
the case where the dipoles of upper and lower side chains in
neighboring planes along y have opposite direction. Thus, all in
all, we tested 68 oligomer models.
Monomeric Q40 protofibrils. Given that the observed β-

strand length in a fibril is seven to eight residues,14,31,39 a Q40
peptide can give rise to a maximum of four strands, including the
connecting turns and arcs. We thus constructed models of
monomeric Q40 protofibril by adding arc or hairpin turns (a
hairpin joins two strands in the same sheet, while an arc joins two
strands in different sheets), as described in the Methods section.
The topological constraint of having a single oriented peptide

imposes limitations on the type of four-stranded structure that
can be achieved. To characterize the structures, we adopt the
following convention. If we approximately divide the long
peptide into four strands labeled 1−4 from the amino end to the
carboxyl end and denote the connecting loops as arc (A) or
hairpin (H), then a notation 1H2A3H4 means that strands 1−2
and 3−4 are connected by a hairpin, while 2−3 are connected by
an arc. The possible compact structures that can be built are the
following: (i) an APS-APP system with 1−2 and 3−4 β sheets
(model 1, 1H2A3H4); (ii) an APS-APP system with 2−3 and 1−
4 β sheets (model 2, 1A2H3A4); (iii) an APS-PP system with 1−
2 and 3−4 β sheets (model 3, 1H2A3H4); (iv) a PS-APP system
with 1−3 and 2−4 β sheets (model 4, 1A2A3A4). As simulations
show, the APS-APP and APS-PP Q8 aggregates used to build the
monomer converge to the same structure thanks to a “quarter-
stagger” along the x direction. The difference between model 1
and model 3 is that in model 1 the arc connection forces strand 3
to be parallel to 2 and strand 4 parallel to 1, while in model 3 the
arc forces strands 3−1 to be parallel and strands 4−2 to be
parallel. Notice that under the constraint of a single directed
peptide, a PS−PP packing is no longer possible. Of these models,
only model 4 is topologically related to a collapsed β helix.
Finally, we also consider a planar arrangement (model 5,
1H2H3H4) formed by a 4 × 1 APS system with three hairpins.
In addition, several Qn monomers with n near the n = 36

threshold were created from the Q40 monomers by eliminating
residues from the β strands (since hairpins and arcs already have
the minimum possible number of residues).
Antiparallel β Sheets Are More Stable than Parallel β

Sheets. In this section, we compare the relative stability of
parallel and antiparallel β sheets (PS and APS), by evaluating
various statistical quantities. A measure of stability is given by the
population of residues in β-sheet conformation, with a larger
population corresponding to a more ordered and stable
structure. In principle, the β-sheet population is useful for all
M × N structures, but we define two further quantities to
facilitate the comparison between the single β-sheet models,

which include dimers, trimers, and tetramers. First, we define an
“L-stranded β sheet”, where L varies from 2 to 4, such that at least
two additional interpeptide H-bonds must be formed between
consecutive β strands in order to pass from a j-stranded β sheet to
a (j + 1)-stranded β sheet. We then calculate the populations of
states that show at least one two-stranded β sheet (Pbs

2s), one
three-stranded β sheet (Pbs

3s), and one four-stranded β sheet (Pbs
4s)

(a dimer can only show Pbs
2s population, but a tetramer that shows

population in Pbs
4s will by definition show Pbs

2s and Pbs
3s populations).

Second, for the particular case of dimers, we classify the
structures into S1, S2, S3, S4, and S5 states as shown in Figure 3,

such that S1 states have no residues in β-sheet conformation, S2,
S3, and S4 states have two, three, and four residues, respectively,
in β-sheet conformation, and S5 states have five or more residues
in β-sheet conformation. For all cases, we also compute the
“broken time” (τb) parameter, which is the first time that the
ordered state is broken. Unless otherwise specified, the results
shown in this section are for the initial configurations with zero
side-chain dipoles (ZD models), but similar trends are observed
for the total dipole (TD) models.

Single β-sheet models. Table S1, Supporting Information,
shows the L-stranded populations for the single β-sheet models,
along with the broken time τb. The increased stability of the
antiparallel sheets is reflected by the higher population and
higher τb for all structures. For the parallel dimers, Pbs

2s = 29% and
τb = 16 ns, while for the antiparallel dimers, Pbs

2s = 93% and τb = 60
ns. Notice that the dimer necessarily recombines after it breaks
the first time (otherwise in 100 ns simulations, the populations
would just be 16% and 60%, respectively).
Figure 3 shows the dimer distribution along the five states

during the 100 ns of simulation. From this picture, it is clear that
the TDmodels (red for APS and blue for PS) are not stable. The
ZD models are more stable, with the ZD APS model (orange)
considerably more stable than the ZD PSmodel (green). Clearly,
the antiparallel sheet is more stable than the parallel sheet,
without exceptions. Supporting Information Figure S1 and
Figure 4A show the population for the number of residues in β-
sheet conformation for the trimers and tetramers for the ZD
model of side chains. The 4 × 1 APS system is the most stable,
pointing to cooperative effects.

Figure 3. Dimer population of the β-sheet states (S1−S5). S1 state has
no residues in β-sheet conformation, S2, S3, and S4 states have two,
three, and four residues, respectively, in β-sheet conformation, and S5
states have five or more residues in β-sheet conformation. Orange and
red colors are used for ZD and TD side-chain models for the antiparallel
dimer, while green and blue colors show ZD and TD side-chain models
for the parallel dimer. Results are obtained from 100 ns simulations.

ACS Chemical Neuroscience Research Article

DOI: 10.1021/cn500358g
ACS Chem. Neurosci. 2015, 6, 632−645

635

http://dx.doi.org/10.1021/cn500358g


Multiple β-Sheet Models. For theM ×N systems, withN > 1,
in addition to the relative order of the strands within a hydrogen-
bonded sheet (PS or APS), we have to consider the stacking of
the sheets, which gives rise to parallel packing (PP) when the
strands on top of each other point in the same direction or
antiparallel packing (APP) when the strands on top of each other
point in the opposite direction. This gives rise to four possible
combinations, as listed in Figure 1, each with one of two initial
side-chain dipoles, either zero (ZD) or total dipole (TD) in the
xy plane. Table 1 lists for the ZD case the broken times τb and
populations of the configuration with the highest fibril order. For
an M × N system, the highest fibril order is represented by N
sheets, each of which is M-stranded. For instance, for a 3 × 2
system, the highest fibril order occurs when each of the two
sheets is a three-stranded β sheet, as defined before.
We first compare the stability of the 2 × 2 models. Figure 4

shows that the APS-PP system is mainly distributed in β-rich
states, while the PS−PP system mainly populates β-poor states.
The two APP systems, APS-APP and PS-APP, have intermediate
values of population, in agreement with Table 1. The ordering in
terms of decreasing stability is APS-PP, APS-APP, PS-APP, and

PS−PP, and the APS systems are always more stable than the PS
systems, as also shown in Supporting Information Figures S2 and
S3 for hexamers and octamers. The stability of all systems
increases with the order of the matrix; the 4 × 4 models are still
stable at 1000 ns.

Impact of Matrix Order on Stability. In this section, we
present results that show the impact of matrix order on stability.
We define the matrix order M × N as a matrix arrangement,
without considering the directional relation between the
peptides. Here, we describe the effect of the matrix order on
the stability of oligomers containing the same number of Q8
peptides. Thus, the tetramers include the 4 × 1 and 2 × 2
matrices, the hexamers include 3 × 2 and 2 × 3 matrices, and the
octamers include 4 × 2 and 2 × 4 matrices.
The most ordered oligomer in a 4 × 1 system has Pbs

4s = 26%
and τb = 18 ns for APS, and Pbs

4s = 11% and τb = 9 ns for PS, while
the most ordered oligomer in a 2× 2 system corresponds to APS-
PP, with P = 100% and τb > 100 ns, as shown in Table 1. This
table shows that both possible packings of APS and PS sheets
have populations in the 2 × 2 arrangement higher than the Pbs

4s

populations in the 4 × 1 system, indicating that a higher stability
is associated with the 2 × 2 system.
Similar considerations were applied to the hexamers and

octamers. The 3 × 2 and 4× 2 models are more stable than 2 × 3
and 2 × 4 ones, respectively (Supporting Information Figure S2
and Figure S3). These results can be explained in terms of the
compactness of the structure quantified by the aspect ratio. Since
all the structures have the same size along the z axis (the length of
the peptide), we simply use the x and y axis to define the aspect
ratio as the ratio between the longest and shortest side for the
initial structures, as presented in Table 1. For oligomers
composed by the same number of peptides, the smaller aspect
ratio is indicative of a more compact structure, as it is visually
obvious in Figure 1. The more compact structures maximize the
number of inter- and intrapeptide hydrogen bonds and the van
der Waals contacts between side chains, and therefore the
stability of the aggregate. Table 1 also lists the maximum number
of possible hydrogen bonds for the structures. Supporting
Information Figure S4 shows the maximum number of hydrogen
bonds for different aggregates. For every peptide, two middle
residues are used to calculate the total number of possible
hydrogen bonds. For instance, there are 12 possible hydrogen
bonds for the 4 × 1 system, and 14 hydrogen bonds for the 2 × 2
system.

Crystal Structure and Side-Chain Packing. Due to the
long stability of all the 4 × 4 models, we extended the simulation
times of these systems up to 1 μs or longer. These systems

Figure 4. Population of states as a function of the number of extended
residues (a) and time dependence of the β content (b) of the 2× 2 and 4
× 1 Q8 tetramers. Results are obtained from 100 ns of MD simulations.

Table 1. Compactness and Stability of Multiple β-Sheet Modelsa

APS-APP APS-PP PS-APP PS−PP

system AR PHBonds P τb P τb P τb P τb

4-mer 4 × 1 3.43 12 (1.500) 26 18 26 18 11 9 11 9
2 × 2 1.75 14 (1.750) 38 32 100 >100 30 25 13 10

6-mer 2 × 3 3.49 24 (2.000) 100 >100 100 >100 75 39 20 17
3 × 2 1.14 26 (2.167) 100 >100 100 >100 100 >100 74 63

8-mer 2 × 4 5.24 34 (2.125) 100 >100 100 >100 80 61 44 31
4 × 2 1.71 38 (2.375) 100 >100 100 >100 100 >100 100 >100

aShown are the aspect ratio (AR) for the initial structures, the maximum number of possible hydrogen bonds (PHbonds), population P (in %), and
broken time τb (in ns) for the configuration with the highest fibril order (which contains N M-stranded β sheets, as defined in the text). PHbonds are
counted by selecting two middle residues for every peptide in the system (see Figure S4 in Supporting Information) Numbers in parentheses show
the PHbonds per inner residue. Results are obtained from 100 ns simulations.
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contain the 2 × 2 subsystems in the center, which are then
surrounded by protein and can therefore be considered as a basic
unit of an aggregate structure.
PolyQ Cross-β Structure. Here, we briefly review the known

characteristics of polyQ cross-β structures. In protein β sheets, β
strands (the polypeptide chains) are connected laterally by at
least two hydrogen bonds: if Cα,i and Cα,j face each other in two
adjacent strands, then residue i may form hydrogen bonds to
residues j − 1 and j + 1. Each strand exhibits 2-fold helical
conformation (21) with a distance between two residues along
the backbone axis (the crystallographic c axis) of 3.5 Å.
Neighboring strands are aligned so that their Cα are also aligned
with the side chains pointing in the same direction: successive
side chains point up or down, perpendicularly to the plane of the
sheet, thus reflecting the 21 symmetry, which is a direct
consequence of the sp3 tetrahedral chemical bonds of Cα and
gives the sheet its typical pleated appearance. Thus, the
crystallographic c axis is ∼7.0 Å. The a axis lying in the average
hydrogen bond direction is orthogonal to the c axis with a typical
intrasheet distance between adjacent strands of ∼4.75 Å.
Crystallographic periodicity demands twice this distance in
APS sheets, that is, a≈ 9.50 Å. The side chains are along the b axis
and orthogonal to the ac plane on alternating faces of the sheet,
with intersheet stacking distances that depend on the nature of
the amino acid. For polyQ, a distance between α carbons in
adjacent layers of ∼8.30 Å has been observed experimen-
tally.28,31,32,40 There is an intrinsic tendency for neighboring
sheets to slip with respect to each other by around 0.47/2 in the a
direction.32,41 A cross-β structure is formed when the c axis along
the backbone atoms is orthogonal to the axis of the crystal, which
extends along the a axis, that is, parallel to the backbone
hydrogen bonds. In particular, amyloids display characteristic
fiber diffraction patterns that are attributed to a cross-β
structure.42,43

Initial Structures. As described in the Methods section, we
modified the initial, fully extended (with 180° torsion angles) Q8
peptides such that the backbone torsion angles acquired typical
values for parallel and antiparallel sheets and then rotated the side
chains so that these lay along the y axis (or initial b axis)
perpendicular to the ac plane of the sheet. All other torsion angles
were left at 180°.
Considering that a zipper-like mechanism is supported by both

experimental data and models, we proceeded to model the initial
structures with an intrasheet distance along the hydrogen bonds
of 4.75 Å and an intersheet distance of 8.3 Å.We noticed also that
there are several ways of packing the side chains along a
(generally by rotating the N−Cα−Cβ−Cγ angle) so that there is
contiguous hydrogen bonding between the carboxamide groups.
Figure 5 shows possible side-chain packing along a. The parallel
sheet in Figure 5a shows a perfect string of hydrogen bonds that
form when the final Q8 peptides are brought together as rigid
objects. This configuration also satisfies the 21 symmetry along c
of β strands. Instead, when alternating strands are flipped (as a
rigid object) in order to form an antiparallel sheet, the side chains
would experience strong electrostatic clashes between the side-
chain carboxamide groups (Figure 5b). Thus, in the APS case, it
is necessary to further rotate alternating side chains. This can be
achieved by rotating the torsion angle N−Cα−Cβ−Cγ of
alternating peptides by 180°, as shown in Figure 5c. In this and
other figures, purple circles with a + sign indicate that the N−
Cα−Cβ−Cγ torsion angle is positive (with an initial value around
75°), and a− sign within the purple circles indicates that the N−
Cα−Cβ−Cγ torsion angle has been rotated by 180° (with an

initial value around −105°). Alternatively, one could rotate a
torsion angle further along the chain, such as the Cβ−Cγ−Cδ−Nε

torsion shown in Figure 5d, where all theN−Cα−Cβ−Cγ torsions
are positive (we have not done this; Figure 5d is instead a final
configuration corresponding to Figure 5c). The strands in the
initial conditions, Figure 5a−c, all have the 21 symmetry and a net
zero dipole (ZD). In addition, it is possible to rotate the side
chains on one side of the sheet plane, such as shown for the PS
and APS sheets in Figure 5e,f. This breaks the 21 symmetry for
the strand and results in a net side-chain dipole on the ab plane
(because the polar hydrogen bonds on both sides of the β sheet
are pointing in the same direction). We call this model the total
dipole (TD) model.
Our simulations used as initial conditions the ZD (Figure 5a)

and the TD (Figure 5e) for the PS systems and the ZD (Figure
5c) and the TD (Figure 5f) for the APS system. Figure 5d was not

Figure 5. Different possible side-chain packing arrangements.
Oligomers are shown in the xy plane, with the peptide backbone
chain illustrated by a green sphere with a black circle or a plus mark for a
chain coming out of or into the plane. N, O, H, and C atoms are shown
in blue, red, white, and cyan spheres, respectively. Orange dashed lines
show hydrogen bonds between side chains, while red ones show
hydrogen bonds between backbone atoms. (a) PS showing 21 symmetry
of a β strand and ZD on the xy plane. (b) APS with “rigid” side chains
unable to form hydrogen bonds. (c) APS derived from the structure in
panel b by rotating the side chains of the 2nd and 4th peptides around
the N−Cα−Cβ−Cγ torsion angle by 180° in order to allow side-chain
hydrogen bonds; it has β strands with 21 symmetry and ZD on the xy
plane. (d) APS showing the N−Cα−Cβ−Cγ, Cα−Cβ−Cγ−Cδ and Cβ−
Cγ−Cδ−Nε torsion angles in purple, orange, and yellow colored ellipses,
respectively. The configuration displays 21 symmetry and ZD on the
plane, and all the N−Cα−Cβ−Cγ torsions are positive. (e) PS with N−
Cα−Cβ−Cγ torsion angle of lower side chains of every peptide flipped by
180°, exhibiting no 21 symmetry and a TD on the xy plane. (f) APS with
no 21 symmetry and a TD, similar to panel e.
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an initial condition, but (one layer of) the resulting structure of a
4 × 4 APS system that evolved from Figure 5c to Figure 5d.
Time Evolution and Crystal Structure. Notice that even

though we set the initial conditions according to a previous
model that is consistent with diffraction data, we do not
“overconstrain” the initial conditions. Thus, for instance, the
initial side chains are fully extended, and we do not implement
the experimentally observed “quarter-stagger”.41 This is
important: the models are not just stable or unstable in the
sense of keeping close to their initial conditions but actually
evolve in time: in particular, the stable systems evolve toward
more stable structures, which are not quite the same as those
used in the initial conditions but whose typical crystal parameters
are still consistent with the available experimental data.
The time evolution of the ZD systems shows spontaneous

quarter-stagger (where adjacent sheets slip with respect to each
other by a/4 in the a direction). Figure 2 shows initial
configurations the yz plane (a) and xy plane (b) and the
configuration at 1 μs on the xy plane (c) for a ZD 4 × 4 APS-PP
system. The original fiber diffraction pattern28,32 seems to be
sensitive only to the positions of the α-carbons, showing sharp
equatorial diffraction signals for 4.75 and 8.33 Å and a broad
meridional arc of 3.60 Å. All eight 4 × 4 lattices at the end of the
simulation share these values, with small deviations. Thus, one
can formally attribute a monoclinic lattice with c≃ 2 × 3.60 Å for
all lattices, a ≃ 4.75 Å for the PS systems, and a ≃ 9.50 Å for the
APS systems. The intersheet stacking is also around 8.33 Å for all
systems, but whether one takes that value or twice that value for
the axis b depends on the initial stacking of the side chains. In the
initial conditions for the TD APS and PS systems (Figure 5e,f)
and the ZDAPS systems (Figure 5c), the side-chain rotations can
be as shown, or the “+” and “−” side chains can be exchanged
resulting in zippers with dipoles in the opposite direction. This
results in two possible ways of stacking the systems along y. Thus,
ZD PS−PP has b≈ 8.3 Å, and the other lattices have b≈ 8.3 Å or
b ≈ 16.6 Å, according to the relative directions of lower side-
chain dipoles in one sheet and the upper side-chain dipoles in the
adjacent sheet along y, combined with whether they are ZD or
TD in the xy plane. Table 2 gives the crystal parameters averaged
over the last 700 ns of the simulation.

Supporting Information Figure S5 shows the time evolution of
the crystal parameters for the ZD models. The quarter-stagger
takes place fairly fast in the APS-APP model, and it takes about
220 ns in the APS-PP model. After this transition, the two
systems have converged to the same structure (Figure 2), with
the same crystal parameters (Table 2). With respect to the PS
systems, while the PS-APP system seems to have almost
completed the quarter-stagger displacement in 1 μs, the PS−

PP system has not undergone a complete quarter-stagger
displacement yet. The crystal parameters, especially those for
the APS systems, are consistent with general features observed
experimentally, as described before.
Next, we consider the evolution of the ZD side chains. Figure 6

and Supporting Information Figure S6 show results for the APS-
PP and APS-APP systems. The figures display various torsion
angles of the “upper side chains” 1 and 2 (US1 and US2) and the
“lower side chains” 1 and 2 (LS1 and LS2) of two middle
neighbor peptides, as shown in Figure 5 (where the side chains of
only the four inner residues are labeled). The evidence indicates
that the rotation of the N−Cα−Cβ−Cγ angles by 180° is not
favored. The ZD APS systems have as the initial configuration in
the ab plane that shown in Figure 5c: the side chains of peptide 1
have been flipped, so that the N−Cα−Cβ−Cγ angles of US1 and
LS1 have negative values. These, however, flip back, as shown in
the upper panels of Figure 6 and Supporting Information Figure
S6, and become centered around the glutamine equilibrium value
of 66°. The rotation of the N−Cα−Cβ−Cγ angle of US1 and LS1
changes the value of the Cβ−Cγ−Cδ−Nε angle (bottom panels in
Figure 6 and Supporting Information Figure S6), which changes
from 180° to 0°, thus preserving the polar zipper mechanism as
shown in the final configuration presented in Figure 5d. The
flipping of the N−Cα−Cβ−Cγ and Cβ−Cγ−Cδ−Nε angles is
coupled to theΔx displacement, as shown in the bottom panel of
Supporting Information Figure S5, which results in the quarter-
stagger conformation. By contrast, the ZD PS systems, whose
initial configuration in the ab plane is shown in Figure 5a, have
initial angles naturally favored by the amino acid, and thus the
side chains do not experience (long-lived) flipping. The PS-APP
and PS-PP systems are shown in Supporting Information Figures
S7 and S8, respectively.
The case of the TD side chains is slightly more complicated.

The TDAPS systems have Figure 5f as initial configuration in the
ab plane: the initial flipped chains are US1 and LS2, in alternating
peptides. At the end of the 1 μs simulations, we found that these
chains had not flipped to their equilibrium value around 66°, but
there were clear signs of instability, as can be seen in Supporting
Information Figure S9 for the APS-APP system. Thus, we ran this
system for an additional 0.5 μs during which we can observe
complete flipping of both the US1 and LS2 side chains, coupled
with some large oscillations of US2. The flipping of the chains is
synchronous to the settling of the system in the quarter-stagger
configuration. Since the time scale for these transitions are quite
large (and therefore computationally expensive), we took the
other three TD systems at the end of the 1 μs simulations, slightly
displaced the planes along the a direction in order to complete
the incipient “quarter-stagger”, and restarted the simulations
allowing the side chains to relax on their own. We see that the all
torsions associated with US1 and LS2 quickly relax, the N−Cα−
Cβ−Cγ angles center at 60°−65°, and their Cβ−Cγ−Cδ−Nε

angles flip to 0°. Supporting Information Figures S10−S12 show
the last 300 ns that followed the 1 μs “intervention”.
Figure 7 shows final configurations for the 4 × 4 systems. The

figure shows the four innermost peptides on the yz plane for an
APS-PP crystal (Figure 7b), and four inner residues within those
peptides for each of the possible packing arrangements on the xy
plane (Figure 7a), displaying details of the side-chain packing.
Notice that the N−Cα−Cβ−Cγ flipping preserves the dipolar
character of the side chains in the ab plane, ZD or TD. The
quarter-stagger creates an additional set of hydrogen bonds.
Finally, Figure 8 shows the hydrogen bond distances for the

ZD 4× 4 systems. The two top panels show the distance between

Table 2. Average Crystal Parameters for the 4 × 4 ZD
Systemsa

model 4 × 4 a b c Δx

APS-APP 9.68 ± 0.05 8.25 ± 0.10 7.15 ± 0.02 2.42 ± 0.16
APS-PP 9.68 ± 0.05 8.25 ± 0.11 7.14 ± 0.02 2.41 ± 0.19
PS-APP 9.94 ± 0.03 8.34 ± 0.09 7.19 ± 0.05 2.41 ± 0.12
PS−PP 9.97 ± 0.03 8.14 ± 0.08 7.22 ± 0.05 1.96 ± 0.11

aThe parameters (in Å) are shown in Figure 2, and they are obtained
as an average over the last 700 ns of the 1 μs simulations. Here, b
refers to the distance between the closest α carbons in two adjacent
sheets, and Δx is the displacement along x between adjacent β-sheet
layers.
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the Oε and Nε atoms in the US1−US2 and LS1−LS2 side chains.
The two lower panels show the distance between the side-chain
Nε of side chains US1 and LS1 and the main chain O atom of the
nearest sheet. In this figure, the distances to only one of the main
chain O atoms is shown, but after the initial relaxation, the Nε is
equidistant to the two main-chain O atoms in the nearest sheet,
as shown schematically in Figure 7. This is a consequence of the

quarter-stagger conformation. This shows that the polar zipper
mechanism is sustained by a stable network of hydrogen bonds,
with main-chain−main-chain hydrogen bonds, side-chain−side-
chain hydrogen bonds, and side-chain−main-chain hydrogen
bonds.

Stability of the Qn Monomeric Forms. Figure 9 shows the
initial and various time snapshots in the evolution of the five

Figure 6. Time dependence and distribution of torsion angles of central residues in a 4 × 4 APS-PP model with ZD side chains. The initial and final
conformations on the ab plane are given in Figure 5c,d. The distribution was calculated from the last 700 ns of simulation time.

Figure 7. Final side-chain configurations for the 4 × 4 aggregates. For ease of visualization, four inner peptides in the 4 × 4 aggregates are selected, as
shown for an APS-PP system on the yz plane in panel b. Within these peptides, four inner residues are selected and the configurations of their side chains
are depicted on the xy plane, as shown in panel a for different arrangements and for both the ZD and TD cases. In panel c, a cut through two sheets
(represented by yellow and purple) of an APS-PP ZD system is shown on the xy plane at the initial (t = 0) and final times (t = 1 μs). Red and blue balls
represent O and N atoms. The bigger (smaller) red balls indicate O atoms closer to (further from) the viewer. Hydrogen bonds linking side chains with
each other and with backbone atoms are shown in orange for the selected group of atoms (main-chain hydrogen bonds are omitted).
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models of Q40 aggregates, while Figure 10 illustrates their
stability as the number of residues is changed around their
threshold. Models 1 and 3 are “β sheet stacks”. Both models
contain two hairpins and one arc turn (1H2A3H4), the main
difference being that the arc in model 1 connects two strands on
the same side of both sheets (thus we call it “lateral β sheet
stack”) while the arc in model 3 connects strands on the opposite
side of the sheets (“diagonal β sheet stack”). Due to the quarter-
stagger, the “side” and the “diagonal” in this arrangement are the
same length of ∼8.3 Å, so the arcs are of the same length. Model
2, with two arcs and one hairpin (1A2H3A4) will be referred to as
a “β double hook”. Model 4 contains three arcs (1A2A3A4) and
can be interpreted as a collapsed β helix. Finally, model 5
(1H2H3H4) is simply a single-sheet 4 × 1 β structure connected
by three hairpins.
Just a glance at Figure 9 is enough to see that models 1−4 are

stable in the 1 μs time scale, while model 5 is unstable. Figure 11
shows the root-mean-square deviation and the percentage of β
content as a function of time. The percentage of β content is
computed with respect to the initial β content of each aggregate,
because this differs for the different models (with model 5 having
the maximum number of residues, 37, in β-sheet conformation at
time zero, and model 4 the minimum, 31). This confirms that
models 1, 2, and 4 are perhaps the most stable, model 3 is less
stable, and model 5 is unstable.

In addition, it is interesting to see how the stability of these
models varies as the numbers of Q residues oscillates around the
threshold of 35−36. Figure 10 shows that model 1 is very stable:
there is apparently no difference between 40 and 37 residues and
even 33 residues seem to be stable at t = 500 ns. However, Q29 is
indeed too short, and the aggregate is already unfolded at t = 50
ns. At t = 500 ns, model 2 is stable for 35 residues and becomes
unstable for 31 residues, and model 4 is stable for 37 residues but
becomes quickly unstable for 33 residues.

■ DISCUSSION
In each of the following subsections, the first paragraphs
summarize one or more results from this study, while the
subsequent paragraphs present a brief comparison to other work.

Impact of Matrix Order, Relative Orientation of β
Strands, andDipolar Order in Q8 Aggregates.One result of
this study is that while the stability of an oligomer generally
increases with the number of monomers, the way these
monomers are assembled is also very important. For the same
number of monomers, compact structures are more stable than
loose structures (as characterized, for instance, by aspect ratios or
number of possible hydrogen bonds). This is a consequence of
the cooperative character of the polyQ assembly. Thus, for
octamers, the more compact 4 × 2 (two sheets of four strands
each) aggregates are more stable than the 2 × 4 aggregates (four
sheets of two strands each), which exhibit larger aspect ratios. We
expect this trend to apply only for a small number of monomers,
after which a “saturation point” kicks in, and the corresponding
fibrils or crystals can grow with very large aspect ratios. For both
single β-sheet models and multiple β-sheet models up to
octamers, antiparallel β sheets are more stable than parallel β
sheets. On the other hand, both APS and PS conformations in
the larger, very compact 4 × 4 aggregates are stable for longer
than 1 μs. In the loose structures, conformations with a total side-
chain dipole on the ab plane are less stable than those with a zero
side-chain dipole. The side-chain dipole is due to the same
orientation of the side-chain carboxamide groups both above and
below the sheet plane (Figure 5e,f). This effect is stronger in the
single β sheets. As the structures are packed along the y direction,
this destabilizing effect becomes less pronounced. In the 4 × 4
aggregates, both TD and ZD aggregates are stable.
In amyloid fibrils, different peptide sequences favor different β-

sheet structures. For instance, Aβ peptides commonly form
parallel β sheets in fibrils, while antiparallel ones only occur in
aggregates formed by relatively short peptides.44 Parallel β sheets
were observed in Q-rich (with other amino acids) hexapep-
tides.37 On the other hand, ThT fluorescence assay, X-ray
diffraction, solid-state NMR spectroscopy, and infrared spec-
troscopy studies suggest that polyQ peptides form antiparallel β
sheets within fibrils.14,31,34,35 In fully atomistic simulations, the
total energy of Q8 dimers in implicit solvent was measured to be
lower for antiparallel than parallel β sheets,30 and MD
simulations of various short polyQ dimers also in implicit
solvent showed stability for antiparallel β sheets for over 50 ns
but not for parallel ones.45 In explicit water, 10 × 2 Q6 and 4 × 2
Q15 aggregate models (with a total of 120 glutamines) based on
the crystal structure of the peptide NNQQNY were found to be
stable for both parallel and antiparallel conformations.46

However, these peptides were capped with four charged lysine
and glutamate amino acids, which enhance stability, and
simulations were run only up to 20 ns. For comparison, our
smaller 4 × 2 Q8 PS aggregates (64 glutamines) only show signs
of instability around 100 ns.

Figure 8.Hydrogen bonding interaction between the side-chain Oε and
Nε atoms (a and b) and between the side-chain Nε and the main chain O
atoms (c and d). Panels a and b show the side-chain hydrogen bond
distances of US1−US2 residues and LS1−LS2 residues, respectively.
Panels c and d show the hydrogen bond distances between US1 and LS1
side chains and the main chain of the nearest sheet.
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Time Evolution, Steric Zipper, And Crystal Structure in
the 4× 4Q8 Aggregates.We started the simulations with four
different initial conditions (Figure 5a,c,e,f) with either ZD or TD
on the ab plane (combined with two packings, APP or PP, along

the y direction). In these initial structures, the side chain was
considered a fully extended rigid chain, except that the angle N−
Cα−Cβ−Cγ was rotated 180° in three of the four cases, as
suggested by a successful model,32 in order to prevent clashing of

Figure 9. Time evolution of the Q40 fibril models. β strands are shown in orange color, while coil, arc, and hairpin structures are shown in green.

Figure 10. Time evolution of monomeric fibril models of various lengths. β strands are shown in orange color, while coil, arc, and hairpin structures are
shown in green.
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polar groups. The side chains were interdigitated32,37 (Figure 2)
but without “quarter-stagger”. We then let the various systems
(APS/PS, APP/PP, TD/ZD) evolve for 1 μs or longer. The time
evolution of the system showed several interesting results: (i)
The steric zipper with interdigitated side chains was not only
preserved during the 1 μs simulations but also reinforced by the
quarter-stagger displacement, as shown in Figure 7. The polar
zipper was strongly held together by interbackbone amide
hydrogen bonds, inter-side-chain amide hydrogen bonds, and
hydrogen bonds between the side-chain Nε and the two main-
chain O atoms in the nearest sheet. (ii) The N−Cα−Cβ−Cγ

rotation of 180° was not favored; in all but two cases, the chains
flipped back to the Q favored value of approximately 66° (Figure
6 and Supporting Information Figures S5−S12; in the PS ZD
cases, the initial torsions already have the preferred value). This
rotation changed the values of the Cβ−Cγ−Cδ−Nε angles so that
the side-chain hydrogen bond pattern and the dipolar character
of the layers were preserved. (iii) The quarter-stagger motion
and the flipping of the side chains took place in different, albeit
long, time scales, such as 220 ns (APS-PP, ZD) and 1 μs (APS-
APP, TD). (iv) After these transitions, all the structures
converged to a monoclinic crystal structure (Figure 2) whose
lattice parameters (Table 2) are consistent with experimental
observations.28,31,40

The resulting side-chain conformations after the N−Cα−Cβ−
Cγ rotation can be seen in Figure 7. In this figure, four inner
peptides in the 4 × 4 aggregates are selected, as shown for an
APS-PP system on the yz plane in panel b. Within these peptides,
four inner residues are selected, and the configurations of their
side chains are depicted on the xy plane, as shown in panel a.
Clearly, the flipping of the N−Cα−Cβ−Cγ angle preserves the
dipolar character of the side chains in the ab plane, ZD or TD. In
panel c, a cut through two inner sheets of an APS-PP ZD system
is shown on the xy plane at the initial (t = 0) and final times (t = 1
μs). Essentially, the final configuration differs from the initial
configuration in the flipping of the N−Cα−Cβ−Cγ angles and
subsequent relaxation of the side chains (helped by the quarter-

stagger), which results in an additional set of hydrogen bonds
connecting the side chains to the backbones.
Experimentally, it has been known for many decades that Q-

rich peptides exhibit hydrogen bonding not only for the
backbone but also for the carboxamide groups in the side
chains.40 However, a detailed atomic model remained elusive for
many years, until 1994 when Perutz et al. proposed the “polar
zipper model” (PZ model).47 Later, Sikorski and Atkins32

proposed a related model to explain the X-ray diffraction patterns
obtained from crystalline fibers and films of a D2Q15K2

polypeptide28 (which had originally been interpreted as a
hollow, water-filled nanotube28). The model successfully
explained the main features of the diffraction pattern but was
not tested for stability. We will refer to this model as the SA
model. One main difference between the SA and PZ models is
that in the SA model neighboring β sheets are tightly packed at
8.3 Å (a distance that is crucial to explain the diffraction pattern
of D2Q15K2), while in the PZ model, the intersheet distance is
16.8 Å, which leaves a considerable gap between the side chains
of the stacking sheets. More recent evidence confirming the
existence of the three possible types of hydrogen bonds was
provided by NMR studies34 and MD simulations,46 although
these studies did not report on the explicit conformation of the
side chains.
Our simulations are consistent with the bulk of this data but

also provide further insight into the mechanisms related to the
side-chain packing. In agreement with the model proposed by
SA, the β sheets are tightly interdigitated. However, in order to
arrive at this configuration, the authors were forced to flip
successive side-chain N−Cα−Cβ−Cγ torsion angles by 180°,
because they estimated that the PZ mechanism would fail to
establish a continuous hydrogen-bond pattern (Figure 5 in ref
32). In addition, in order to achieve agreement with the
diffraction pattern, they had to displace the intermediate layers
by 0.6a. (Although not explicitly stated, from the look of their
figures it appears as if they used the TD APS-APP arrangement
for the antiparallel sheets and the ZD PS, either PP or APP,
arrangement for the parallel sheets). Our simulations show that

Figure 11. Time dependence of the backbone root-mean-square deviation (rmsd) with respect to the initial conformer and time evolution of the β
content of eachmonomer. The right panels show data for the five Q40 models, while the left ones present data for other repeat lengths varying from 37 to
29 residues. Labels M1, ..., M5 refer to model 1, ..., model 5.
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the N−Cα−Cβ−Cγ flipping is neither favored nor necessary for
the continuous hydrogen bonding of the side chains, and this can
simply be achieved with the much cheaper rotation of the
terminal groups in the side chains (i.e., the Cβ−Cγ−Cδ−Nε

angle). In our simulations, the system is allowed to relax on its
own, and several initial conditions converge in a quarter-stagger
conformation (0.25a), which is in agreement with experimental
observations.41 This results in a cell of smaller area than the
original one, with a Cα−Cα distance of 8.25 Å for the APS
systems. As shown in Table 2, the final lattice parameters are
consistent with crystal parameters that can be inferred fromX-ray
fiber diffraction patterns. One could still expect small differences,
since in general the experiments use slightly different peptides,
such as D2Q15K2,

28 which has four charged groups at the end and
probably a turn conformation. These diffraction patterns
however lack fully atomic resolution and therefore would
probably not be able to discern between the different lattice
structures in this work. As pointed out by SA, both PS and APS
would give rise to virtually the same diffraction pattern (except
for technically altering the Miller indices, which were not
provided in the original diffraction paper), but the PS
arrangement is “less satisfactory”. This seems to be the case for
our simulations, where the lattice parameters (Table 2 and
Supporting Information Figure S5) are slightly closer to the
diffraction values in the APS than the PS systems. In addition,
considerations of the stability of smaller systems is also
important. As discussed in the previous sections, smaller
aggregates are not stable for PS systems, and ZD systems are
in general more stable that those that exhibit TD. Thus, one
would expect that the initial stability of, say, dimers might exert a
bias toward higher order aggregates of the same nature.
Structure and Stability of the Q40 Monomeric Forms.

The main results can be summarized as follows: The most
compact models, with four β strands of approximately seven
residues each and interdigitated side chains, are stable in the 1 μs
time scale. This makes them excellent candidates for the
monomeric misfolded structure capable of triggering aggrega-
tion. By contrast, the single-sheet 4 × 1 β structure connected by
three turns is unstable, despite having the largest initial number
of residues in a β conformation. In particular, the lateral β sheet
stack (model 1), the β double hook (model 2), and the collapsed
β helix (model 4) are more stable than the diagonal β sheet stack
(model 3). These results confirm the previous conclusion that
compact structures are more stable than less compact ones. Out
of the three stable models, the lateral β sheet stack (model 1)
seems to be slightly “overly stable”, because it is still stable with
33 residues, while the collapsed β helix (model 4) undergoes a
sharp transition in its stability somewhere between 37 and 33
residues. Thus, it would appear that model 4 best describes the
onset of a threshold around 35−36 residues.
A previous simulation46 for a Q57 collapsed β helix with

interdigitated side chains was the first one to confirm the stability
of this type of aggregate (up to 50 ns), but the authors noted
having difficulties in the equilibration of the equivalent Q40
aggregate. Indeed, their coordinates were used for another
stability study carried out by a different group that found this type
of aggregate unstable.48 This second work found that the most
stable structure, in addition to an α helix, was the single 4 × 1 β
sheet.48 Our conclusions are in stark contrast to this second
work. First, their conclusions were based on 100 ns simulations.
We find that the single β sheet is the most unstable structure, but
the instability effects only start showing up after about 500 ns.
Second, our study brings out the importance of the side-chain

conformations for stable protofibrils or crystallites. Although the
authors in this previous work do not describe the conformation
of the side chains, a careful look at their initial conditions would
suggest that these do not completely satisfy preferred side-chain
conformations. This is not surprising, because the initial side-
chain coordinates were generated46 using the coordinates of
crystal structures of GNNQQNY, which does not necessarily
result in ideal polyQ packing. In this sense, our results revindicate
the conclusions of ref 46, which proposed this structure as a good
candidate for the nucleated monomer, at least for Q57. We show
that with the appropriate side-chain conformations, a Q40
monomer can indeed be stable, and this would therefore agree
with the threshold limit for aggregation.
There have been several experiments that try to measure the

relative stability of arcs versus turns,35,36 but these studies
generally consider shorter polyQ stretches, generally 23−24
residues, with or without turn-enhancing amino acid inclusions
in the middle, which result in either only one arc or only one turn.
These results favor the stability of the single β hairpin, but it is not
clear how these studies would translate to the case of Q40, where a
total of three arcs or hairpins are present.

■ METHODS
Oligomeric structures of Ace-(Gln)8-Nme.Here we describe how

the initial oligomers of Ace-(Gln)8-Nme (Q8) were constructed. First, a
Q8 peptide was generated by using the AMBER 12 package49 with the
ff12SB force field. In this first instance, the peptide is created with all its
torsion angles equal to 180°. In order to create parallel and antiparallel
strands, the backbone dihedral angles of consecutive monomers were
rotated by using the PyMOL package50 to values (−120°,115°) for
parallel and (−140°,135°) for antiparallel conformations. Then the
peptide was rotated so that its principal axis became parallel to the z axis
and the Cα atoms lay on the yz plane. The side chains were then rotated
so that that they lay parallel to the y axis. This affected the torsion angle
N−Cα−Cβ−Cγ, while leaving the other side-chain torsion angles
unaffected and equal to their 180° initial value. Different initial values of
the N−Cα−Cβ−Cγ angle were used as initial conditions, as discussed in
the Results section. Two Q8 monomers were then brought together so
that the peptide axes were along the z-axis, the hydrogen bonds along the
x-axis (so that the β sheet was on the x−z plane), and the side chains
were perpendicular to the β-sheet plane, along the y-axis. The distance
between the Cα atoms of ith and (i + 2)th positions in a peptide was c =
0.657 nm for parallel and c = 0.695 nm for antiparallel conformations.
We then proceeded to construct the M × N oligomeric “crystals”, as
discussed in the Results section.

Monomeric Q40 Protofibril. Given that the observed β-strand
length in a fibril is seven to eight residues,14,31,39 a Q40 peptide can give
rise to a maximum of four strands, including the connecting turns and
arcs. Based on the results obtained for the oligomeric structures of Ace-
(Gln)8-Nme, in order to build the monomeric Q40 protofibril structures,
we first took 2 × 2 subsystems, containing four central Q8 peptides, that
belong to the relaxed and very stable structures of the 4 × 4 ZD systems
at 1 μs in the quarter-stagger41 conformations. The four short peptides
were connected into a long peptide by arc turns or hairpin turns or a
combination of arc and hairpin turns. A hairpin peptide that joins twoQ8
peptides in the same sheet was constructed by adding a Q residue at the
turn position, while an arc turn that joins two peptides in two different
sheets was constructed by adding a Q3 peptide at the arc position.

Given that the addition of arcs and hairpins changes the number of
total residues, before adding a turn to a Q8 strand, we added one residue
(such that it became a Q9 strand) or occasionally removed one residue
(therefore obtaining a Q7 strand), such that all aggregates have a total of
40 residues. All the Q40 models shown in Figure 9 are capped by Ace- at
the amino end and by -Nme at the carboxyl end. A Q8 strand can be
expanded to a Q9 strand by adding an N- or a C-terminal residue. For a
C-expansion, we consider a vector that connects the C atoms of the 6th
and 8th residues and use this vector to translate a copy of the 7th residue
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and add it to the C-terminus of the Q8 strand. A similar definition (using
the 3rd and 1st residues to define the vector) is used to add a copy of the
2nd residue to the N-terminus of the strand. The hairpin (Figure S13,
Supporting Information) is then built as follows. A suitable glutamine
residue in coil or turn structure is picked from a 100 nsMD simulation of
the monomeric Q40 system. The two atoms to be connected are the C
atom at the C-terminus of the first peptide (C1) and the N atom at the
N-terminus of the second peptide (N2), whose distance is 4.1−4.6 Å.
Given that the peptide bond distance is in the range 1.32−1.33 Å, the
distance between the N and C atoms of the added residue should be
larger than 2.0 Å. The residue is then translated and rotated so that it fits
in the available space without any bond stretching and the side chain is
on the plane pointing outward, away from the steric zipper. The creation
of the arc turn (Figure S14, Supporting Information) is similar to that of
the hairpin case. The Q3 fragment was chosen from a 100 ns MD
simulation of the monomeric Q40 system in such a way that it properly
fits the ∼8.3 Å distance between the two peptides to be joined. The
selected curved fragment has the three side chains on the convex side
and is conveniently translated and rotated to fit the gap, as shown in
Figure S14, Supporting Information.
Simulation Details. The simulations were carried out using the

AMBER 12 package49 with the ff12SB force field and the explicit TIP3P
water model. Each aggregate was placed in a cubic box with a side of
approximately 6 nm under periodic boundary conditions, with over
6680 waters. The distance from the peptides to the box edge was kept at
a minimum of 1.0 nm to prevent the peptides from interacting with their
own images. An 8 Å cutoff was applied for the nonbonded interactions,
and the particle mesh Ewald (PME) method51 was used to calculate the
electrostatic interactions with cubic-spline interpolation and a grid
spacing of approximately 1 Å. The equilibration of the solvated systems
followed five steps. First, a short steepest descent minimization was
executed by applying the conjugate gradient method and restraining the
peptide atoms to their initial positions. Second, an unrestrained steepest
descent method followed by conjugate gradient minimization was
performed. Third, the system was heated from 0 to 310 K under
constant volume conditions and weak restraints on the peptide atoms.
Fourth, 100 psNPT runs with weak restraints on the peptide atoms were
carried out to reach stable density (around 1.0 g/cm3). Fifth, 100 ps
NPT Langevin dynamics with constant pressure at 310 K without
restraints were carried out.
The final configurations for the Q8 oligomers were used for 100 ns

production runs for all aggregates except the 4 × 4 ones, which were run
until 1 μs (ZD) and 1.3−1.5 μs (TD). The five Q40 configurations were
run up to 1 μs each. In addition, several Qnmonomer simulations with n
near the 35 threshold were simulated for various monomer models for a
total time of 2.7 μs. This results in a cumulative simulation time of over
23 μs. Configurations were saved every 100 ps.
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