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ABSTRACT: Amyloid fibrils are implicated in over 20 neuro-
degenerative diseases. The mechanisms of fibril structuring and
formation are not only of medical and biological importance but
are also relevant for material science and nanotechnologies due to
the unique structural and physical properties of amyloids. We
previously found that hen egg white lysozyme, homologous to
the disease-related human lysozyme, can form left-handed giant
ribbons, closing into nanotubes. By using matrix-assisted laser
desorption ionization mass spectrometry analysis, we here

identify a key component of such structures:

the ILQINS

WL J# it EKWL Q(

b b .l
- - -
= P -—
e
— -— —
S L e
D - g (11D 0 ¢

hexapeptide. By combining atomic force microscopy and circular dichorism, we find that this fragment, synthesized by solid-
phase peptide synthesis, also forms fibrillar structures in water at pH 2. However, all fibrillar structures formed possess an
unexpected right-handed twist, a rare chirality within the corpus of amyloid experimental observations. We confirm by small- and
wide-angle X-ray scattering and molecular dynamics simulations that these fibrils are composed of conventional left-handed /-
sheets, but that packing stresses between adjacent sheets create this twist of unusual handedness. We also show that the right-
handed fibrils represent a metastable state toward f-sheet-based microcrystals formation.

B INTRODUCTION

Amyloid fibrils are extensively studied as disease-related
assemblies, since they are involved in several neurodegenerative
pathologies."” However, it has been suggested that mature
amyloid fibrils are nontoxic byproducts of disease and that
neurotoxicity arises from either prefibrillar aggregates,® > or the
assembly process itself,"® and some fibrils have been shown to
bear functional activity.”"' Amyloids moreover have interest-
ing mechanical properties'>'® and are thus advantageous as
nontoxic bionanomaterials for applications in various fields,
ranging from biomaterials'*'® to electronics."®'” Fibrils are
generally <100 nm in diameter, several micrometers long, and
can assemble together to form multistranded aggregates. They
share a ff-sheet rich structure organized in a cross-$ pattern.'®"®
Considerable work is thus focused on understanding the
mechanisms of self-assembly and on characterizing the fibrillar
structures obtained. Numerous proteins have been demon-
strated to undergo amyloid-like self-assembly in vitro,
suggesting a general ability of proteins to form fibrils, provided
the proper conditions are identified”**" A large diversity in
fibril structures does nevertheless exist, since different f-sheet
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arrangements can occur’” with variable side chains interactions
and steric-zipper motifs.”>~>> Several synthetic peptides have
also been shown to assemble into fibrillar structures, with
varying morphologies, including nanotubes, flat sheets, helical
ribbons, and crystals.”*">* Hen egg white lysozyme (HEWL) is
known to form fibrils at high temperature and acidic
conditions.*”* Indeed, all structured proteins are thought to
contain aggregation-prone regions, buried in their hydrophobic
core.®" Several peptide fragments in the HEWL sequence were
found to be involved in amyloid formation, whether obtained
by proteolysis or hydrolysis.’>>* In our previous works, we
observed the formation of giant multistranded lateral assemblies
of left-handed HEWL fibrils, driven by hydrolysis of the native
protein,® and their eventual closure into nanotubes.** We here
identify, by matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MS), the most significant constitutive
fragments of those fibrillar structures, all of which contain the
ILQINS hexapeptide. The self-assembly of the synthesized
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peptide was experimentally investigated in order to determine
the morphology of the aggregation products while following the
assembly process. Atomic force microscopy (AFM) was used as
the main tool to image the formation of rarely observed right-
twisted helical ribbons and their conversion to microcrystals.
Additional evidence for this ribbon-to-microcrystal conversion
was provided by small angle-X-ray scattering experiments
(SAXS). Single molecule statistical analysis of the images
further provided information about the fibrils flexibility and
crystals dimensions. Molecular dynamics (MD) simulations of
the ILQINS aggregates were used to generate atomistic
structures consistent with the results from AFM, circular
dichroism (CD), and wide-angle X-ray scattering (WAXS)
experiments. The simulations also provided a compelling
structural explanation for the unusual right-twisted morphology
observed. Taken together, these results offer an atomistic
rationale for the establishment of the handedness of the
ILQINS hexapeptide aggregates and can serve as a basis to the
understanding of the factors which play a role in defining the
macroscopic chirality of amyloid-like fibrous aggregates from
proteins and peptides.

B RESULTS AND DISCUSSION

MALDI-MS Reveals a Common Aggregating Se-
quence From HEWL. The HEWL amyloid multistranded
ribbons and nanotubes are composed of short fragments
generated during hydrolysis of the native protein.*® In Figure 1,
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Figure 1. MALDI-MS spectra of the HEWL helical ribbons and
nanotubes, AFM height image, and SEM picture insets, with scale bars
100 nm. The most probable amino acid sequences, corresponding to
the peaks marked in blue, are inserted in the figure.

the MALDI-MS spectrum shows different peaks corresponding
to mass over charge ratios (m/z) below 4000 Da. Interestingly,
most of the matching sequences, identified in the spectrum
analysis report (Figure S1), contain the ILQINS fragment.
Three examples of sequences, corresponding to the masses
highlighted in blue, are given in Figure 1. These results are in
line with the findings of Krebs et al,,>* who demonstrated that
the residues 49—64 (GSTDYGILQINSRWW(C), coming from
the f-sheet region of native HEWL, show a tendency to
aggregate into fibrils.>* However, the much larger fragment 57—
107 (QINS...ALL..MNA) was also shown to form fibrils at pH
2, and 37 °C.* It becomes then highly desirable to understand
whether smaller sequences among those reported above are
sufficient to induce fibrillization.
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To our knowledge, no evidence of ILQINS fibrillization in
water has been previously observed, and although several works
on synthetic peptides consider the ILQINS (hexapeptide 55—
60) as a fibril-forming fragment,”>** they all rely on the
experimental evidence of the larger 49—64 synthetic peptide as
a fibril forming constitutive block.’* In what follows we
investigate whether the 55—60 fragment is sufficient to induce
aggregation on its own, as can be predicted by comparing the
outcome from three different algorithms®"*® designed to
predict fibril-forming regions from protein sequences (for the
predictions using the different methods see Figure S2). In
particular, we intend to determine if this hexapeptide is the
primary building block responsible for promoting the
fibrillization and lateral assembly mechanism previously
observed for native HEWL.***® We thus chose to focus here
on the fibrillization of the ILQINS hexapeptide and compare it
to previously observed fibril formation from HEWL.***® The
ILQINS sequence (Scheme S1) was synthesized by standard
solid-phase peptide synthesis. The hexapeptide was charac-
terized by proton NMR spectroscopy (Figure S3) and MS
(Figure S4).

ILQINS Forms Metastable Right-Handed Helical
Ribbons at Room Temperature, Which Are Converted
to Microcrystals at Longer Incubation Times. In order to
compare the ILQINS self-assembly to the HEWL fibrillization,
similar experimental conditions are used. Surprisingly, when
dispersed in pH 2 Milli-Q water at 90 °C and at 1 mg/mL
concentration upon stirring, the ILQINS powder dissolves
completely and does not lead to any obvious self-assembly (no
fibrils found by AFM, negligible changes in CD ellipticity, and
UV absorption in the 200—250 nm range after 18 h, see Figure
SS).

In view of the control low-temperature experiments to be
discussed extensively below, these puzzling results remain to be
elucidated in full, although they suggest that while at 90 °C
ILQINS is present as a molecular solution, at room temperature
aggregation of ILQINS proceeds via a seeded fibrillation
kinetics, where the presence of unmelt preaggregates can act as
seeds. It has indeed been shown previously that the critical
aggregation concentration for fibrillization-prone oligopeptides,
(settling the threshold for the presence of seeds) tends to
vanish with increasing temperatures.”” By any events, high
temperature is clearly not promoting the self-assembly of the
ILQINS fragment, possibly even preventing aggregation. This
confirms our previous findings that the role of the 90 °C
treatment at pH 2 is primarily to promote native HEWL
unfolding and hydrolysis into shorter segments.**

In sharp contrast, by dispersing via gentle stirring ILQINS (1
mg/ mL) in Milli-Q water (pH 2) at room temperature,
aggregation does occur. When imaged 5 min after mixing, the
sample already contains long fibrils and fibrillar aggregates
(Figure S6). Multistranded helical ribbon structures are seen in
the AFM images at incubation times up to 1.5 h, as shown in
Figure 2a.

Interestingly, all ribbons show a right-handed twist as
depicted in Figure 2b, which contrasts with the case of native
HEWL incubation, where left-handed ribbons are solely
formed. A surprising study showed that the directionality of
vortex motion was sufficient to induce chiral symmetry
breaking in aggregates of porphyrin molecules due to
hydrodynamic and steric effects generated during aggregation.”®
Thus, it should be mentioned at this stage that control
experiments were run to demonstrate that both clockwise and
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Figure 2. (a) AFM height image of ILQINS helical ribbons after 1.5 h stirring, inset zoom amplitude image of a thicker partially twisting ribbon. (b)
Phase image of right-handed helical ribbons. (c) Amplitude image of the crystals formed after 24 h incubation. White arrows show helical ribbons,
gray arrows twisting crystal sheets, and black arrows lateral assembly of ribbons. The plot shows the AFM height profile along the white arrow.

counter-clockwise stirring always lead to right-handed
structures for ILQINS. The understanding of the factors
defining macroscopic chirality in amyloid fibrils is still in its
infancy,® and occurrence of right-handedness contrasts sharply
with the general assumption that (S)-amino acids usually form
left-handed fibrils.*>*" Evidence of right-handed fibrils from
natural (S)-amino acid sequences, or handedness inversion
during either pH changes or fibrillization progressing, has
indeed been shown only in rare cases.*”* The phenomenon
of right-handed twists so far lacks an explanation in terms of
atomistic structure. Formation of unspecified non-f structure
has been mooted as a cause** and also evidence from mutation
studies points to the importance of terminus residues, in turn
suggesting tertiary assembly across f-sheet edges as the root of
the phenomenon.** Although morphological evidence of right-
twisted fibrils is rare, vibrational CD studies have also indicated
mirror image patterns of ellipticity in insulin fibrils of zero
overall twist,* which suggests that this and perhaps some of the
other untwisted aggregates which are commonly observed may
contain a balance of right- and left-twisted substructures.
Finally, inversion of chirality (from left-handed to right-
handed) during fibrillization of serum albumin has recently
been shown to occur as a result of increasing polymorphism
complexity during fibril self-assembly.*”**

In the present case, the observed change in handedness
between the HEWL and ILQINS fibrils suggests that the
structure of the HEWL giant ribbons and nanotubes®>** is not
only based on the ILQINS self-assembly but also is strongly
dependent on the additional amino acids present in the
sequences identified, which could alter the fibril core structure
or could simply govern the arrangement in a different manner
through side-chain interactions. The presence of several peaks
in Figure 1 also suggests a composite assembly made of
different fragments in the case of HEWL fibrils. Indeed,
different from the fibrillization process with chirality inver-
sion,* in the present case right-handedness is maintained
throughout the entire process, until a new needle-like crystal
morphology starts to emerge after several hours incubation at
room temperature (Figure 2c). A precursor of the needle-like
crystals is depicted in the inset image in Figure 2a, where a
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thicker fibrillar aggregate with a loose twisting without regular
periodicity is shown. Such structures are thought to be
unfolding intermediates, built from the lateral assembly of
helical ribbons. Partial unfolding of the helical ribbons to form
flatter sheets, as suggested for crystallization of cholesterol,*®
eventually stacking on top of each other, could explain the
morphology observed with increasing incubation time, as
shown in Figures 2c and S6. The inset height profile in Figure
2¢ demonstrates that several layers are piled up, with heights
reaching 200 nm, more than 15-fold the height of the initial
helical ribbons. Some crystals are even thicker (Figure S7).
Such a fibril-to-crystal transition was observed previously for
synthetic peptides such as GNNQQNY and NNQQNY from
the prion protein, with crystal and fibrillar structure being
strongly correlated."®'”*”** Our findings also show that
aromatic interaction cannot be considered here as the driving
force for fibril-to-crystal transition as previously suggested,***
but that shear forces from stirring can help faster crystalline
arrangement as observed for GNNQQNY in a Couette cell.¥”
Several further peptides were shown to form fibrils and also to
crystallize.”>*’ 7% The conditions used to promote crystal
growth however usually differ from those used to induce
fibrillation (standard crystal growth methods use vapor
diffusion hanging drop setup, using additives to promote
precipitation and crystallization).”>** Here we show a direct
fibril to crystal switch, in the same experimental conditions, as
previously reported for the GNNQQNY peptide.* In Figure
3a, the AFM height image shows a right-handed ribbon formed
after 1.5 h stirring at room temperature. The white arrow points
to the splitting right end, showing that the ribbon is made of
two intertwined filaments. It thus corresponds to a not yet
totally folded profile, with variation in height and half-pitch
(distance between two consecutive maxima) along the contour
length, as shown in Figure 3b. Only the height of the perfectly
folded left-side extremity corresponds to the most frequent
height, as shown in the height distribution profile in Figure 3c.
Most of the ribbons are around 13 nm high, and the pitch
varies between 40 and 90 nm, depending on the folding and on
the height (number of protofilaments) as shown in Figure 2a.
The average persistence length Lp of those fibrils, determined
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Figure 3. (a) AFM height image of a helical ribbon, splitting in two
ribbons at its right end (white arrow), and (b) with variable height and
pitch along its contour length. ) Height distribution of the helical
ribbons formed after 1.5 h stirring at room temperature and
corresponding contour length distribution.

by fitting with the bond correlation function, (cosf(s)) = e
~(/2p) \where 6 is the angle between the tangent vectors to the
chain at two points separated by a contour distance (s),
extracted from the statistical analysis of the AFM images,*” is
~S um, indicating a very rigid structure.

In Figure 4a, the CD measurements depict the secondary
structure evolution with incubation time. The mainly random
structure, 15 min after mixing, identified by a minimum below
200 nm and weak ellipticity above this wavelength, can be
explained by an only partial conversion of the hexapeptide into
helical ribbons at this early stage. After 1 h, when mainly helical
ribbons are present in solution, a strong ellipticity is observed,
indicating the formation of f-structure, consistent with the
signal observed for the 59—81 fragment or the 41—60 residues
assemblies from HEWL, with maximum at 205 nm and
minimum in the 225-230 nm region.so’51 This signal is
associated with strongly twisted p-sheets®> and will be
supported by WAXS crystal analysis and MD simulations, as
shown later in this manuscript. The profile recorded at 24 h
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Figure 4. (a) CD spectra of the ILQINS hexapeptide in pH 2 water in
molecular ellipticity at three different times during the incubation
process. Prior to each measurement solution was diluted to 0.33 mg/
mL. (b) SAXS spectra at 90 s and 1 and 24 h, (0.0025—0.15 A™")
together with the fit generated from the form factor of an infinitely
large flat homogeneous particle of thickness 9.8 nm (red dashed line).
For the 24 h SAXS spectra in the very low g regions show a g~
dependence indicative of a flat 2D particle due to microcrystal
formation.

also shows a clear maximum at 205 nm and a broad minimum
between 225 and 230 nm indicating the continued presence of
P-sheets from the stacking of the ILQINS peptide, even though
the helical ribbons are almost fully converted into needle-like
crystals at this stage.

Small-Angle X-ray Scattering Provides Further Evi-
dence for Rapid Aggregation and the Development of
Microcrystals. SAXS spectra from a synchrotron source were
recorded at scattering vectors in the range of 0.0025—0.15 A ™
(Figure 4b). From these spectra we can gain some information
on the overall morphology of the fibrils and also investigate
deeper the observed ribbon-crystal conversion. The initial
spectra recorded in the first 10—15 min of the process clearly
possess a Guinier region at low scattering vectors (in the region
of ~0.002—0.006 A ~"). Guinier analysis®* revealed a radius of
gyration (Ry) of 54.1 nm. Assuming a thin rod-like morphology
where the contour length (L) is much larger than the cross-
section of the rod R,* = (1/ 12)L2* Thus, we can calculate a
mean contour length (L) of 187.4 nm for the protofilaments
that are generated at very early time points (90 s). As the
aggregation time increases, the contour length increases beyond
the maximum observable window available to the SAXS
detector, thus the Guinier region is lost after around 15 min,
at which time the mean contour length is calculated to be 193.4
nm. By comparing this value to the contour lengths calculated
by statistical analysis of the AFM data taken after 90 min (inset
in Figure 3c) one notes that there is a high population of
filaments with a contour length ranging between 500 and 1000
nm. The rapid increase in contour length to almost 200 nm
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after 15 min suggests that the ILQINS peptide nucleates very
quickly, producing relatively short aggregates or protofibrils.
For a wide variety of proteins amyloid aggregation is often
proceeded by a lag phase (up to S h), allowing small oligomers
to be nucleated (in a series of thermodynamically unfavorable
steps) which are able to seed amyloid growth.>> However, it
should be noted that there are some examples of functional
amyloids that can form with no observable lag phase." The
reasons for this rapid nucleation of the hexapeptide into
micrometer-scale fibrils are currently uncertain. Possible
explanations for this lack of observable lag phase may include
a partition of the dispersed ILQINS peptides to the water—air
interface, resulting in accelerated nucleation in the presence of a
hydrophobic interface,”**° constantly renewed by stirring.
Alternatively, and most probably, aggregation could be
promoted via seeding from hexapeptide preaggregates from
the added ILQINS powder, which is also strongly supported by
the control experiments run at 90 °C. Finally, the rapid
aggregation may also be inherent to the amyloidogenic nature
of the ILQINS fragment (inferred from its presence in all
MALDI-MS fragments observed in Figure 1). Based on the
above, we propose that ILQINS contains only the primary
sequence required for fibril formation and no extraneous
secondary sequences.

The initial aggregation steps may be much faster compared
to larger fibrillating proteins containing both amyloidogenic
and nonamyloidogenic sequences. The large increase in
contour length between 15 min (1934 nm) and 90 min
(500—1000 nm) is typical of fibrils growing in an exponential
amyloid growth phase.’” Looking now at the spectrum
recorded at 24 h (Figure 4b), we can see that at low scattering
vectors (q) the slope of the spectrum has a characteristic g~
dependence, indicative of a flat 2D particle.>> This development
of the g~* slope at longer time periods provides further
experimental evidence for the fibril-crystal conversion seen in
the AFM images recorded after longer reaction times (Figure
2¢c). Accordingly, the spectra at 24 h can be fitted almost
perfectly (R* = 0.998) to the form factor of infinitely large,
homogeneous flat particles of thickness (D) 9.8 nm, displayed
as a red dotted line in Figure 4b (see Figure S8 for details of
curve fit).

Wide-Angle X-ray Scattering Shows Unit Cell Param-
eters That Can Be Used As the Basis for the Simulation
of an Atomic Structure. WAXS spectra from a synchrotron
source were recorded in the range 0.3—0.68 A ~' (Figure Sa) at
regular intervals of time throughout the peptides assembly. At
around 90 s after the aggregation was initialized, a faint peak
could be seen at 0.64 A ~' (Figure Sa). This peak corresponds
to a d-spacing of 0.97 nm and thus can be assigned to the
intermolecular pS-sheet stacking distance of the growing
protofilaments.'”***® The spectrum shows that the assembly
of the peptide is rapid and supports the observation of many
multifilamentous structures in the AFM images after only 1.5 h
(Figure 2a). As the reaction progresses, a second peak at 0.32 A
~! (d-spacing = 2.0 nm) and two additional peaks at 0.4 A ™
(1.55 nm) and 0.48 A ~' (1.3 nm) begin to appear.

Using the peaks from the WAXS spectra as a guide, a
hypothetical unit cell for the aggregated ILQINS structure was
designed by hand, starting from the known crystal structure for
the similar sequence NNQQNY.”® The designed unit cell
contained two peptides in a yin-yang shape, with the central Q
residues of the ILQINS sequence forming a docked pair of
glutamine ladders, as for NNQQNY. A nanocrystalline
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Figure 5. (a) Representative WAXS spectra (0.3—0.68 A ~') at various
stages in the self-assembly of the ILQINS peptide from 90 s to 24 h;
the dashed lines show calculated spectrum of the initial designed
structure prior to MD (black), which underwent substantial
conformational change, as shown in the calculated spectrum for the
MD snapshot of the 1024-peptide nanocrystal taken at 11 ns (red).
Labels show peaks to which it was possible to assign specific Miller
indices, excepting qxxx which appears to be a high-order reflection
with multiple possible indexations. (b) A structure consistent with the
X-ray data. Four unit cells are shown in the a—b plane. The left two
cells show water and heavy atoms only, together with the solvent-
exclusion surfaces of each peptide and chloride ion. The top-right cell
shows the ensemble of cluster centers observed, in order to indicate
labile regions of the structure. The lower-right cell shows all atoms of
the peptides.

structure of 8 X 8 X 8 dimer unit cells (making a rhombic
prism of approximately 16 X 12 X 3.5 nm) was then built by
copying the two-peptide unit along lattice vectors of a & b & 20
A (based on the peak assigned to gojo,qi00 in the X-ray
spectrum) and, orthogonal to the a—b plane, ¢ = 4.86 A. The
structure was allowed to relax in explicit water, containing 1024
chloride ions to neutralize the charges of the N-termini of the
peptides, for 11 ns. During the first S ns, solvent molecules
gradually entered the structure establishing disordered ‘water
columns’ at the corners of the unit cell. The converged
structure produced a spectrum qualitatively consistent with the
X-ray data, suggesting that it is correct in its major features. The
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peaks labeled gg0,4100 and ¢, result from Bragg reflections in
the a—b plane, and their assignment to the corresponding
specific Miller indices is guided by an oblique columnar array
symmetry.>” The large peak g, is straightforwardly assigned to
the intermolecular f-sheet stacking distance manifested
spontaneously over the course of the simulation (Figure Sb)
and ex%)ected based on the typical fingerprint of amy-
loids."”**® The other expected amyloid peak go;, correspond-
ing to 4.6—4.8 A, corresponding to the expected [-strand
distance,”” is out of the WAXS synchrotron range of Figure Sa
but is correctly captured by the simulated structure in Figure
Sb, although potentially other structures might also conform to
the spectrum.

Examination of Atomic Structure. The structure
generated has lattice vector lengths a = 21.7(+0.3)A, b =
19.7(+0.3)A, ¢ = 49(+0.1) and angles @ = 91(£3)°, § =
93(+4)°, and y 76(+3)° values in brackets are RMS
fluctuations. The ensemble of calculated structures shown in
the top-right cell of Figure Sb indicates that the central (Qs)
Glutamine zipper of ILQINS is extremely solid. The I, and L,
residues rotate around the C,—Cy bond quite freely but remain
otherwise in place. The I, isoleucine stack is also very stable.
The Nj asparagine ladder undergoes minor fluctuations but
with only transient interruption to its hydrogen bond ladder.
The S6 side-chain and C-terminus are strongly coupled to the
water column and are therefore very labile. The solvent-
exclusion surfaces show that the steric packing of the system is
tightest at the Qs zipper and also tight at the hydrophobic face,
but looser around the water column.

lllustration of Stress Leading to Right-Twist. A view of
the crystal structure in the a—c plane illustrates the stress frozen
into the crystal structure, which is relieved by twisting to the
right (Figure 6). This diagram provides a structural mechanism
for the unusual phenomenon of right-handed fibril twist and
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Figure 6. (a) Backbone structures of two unit cells shown in the a—c
plane. The strands furthest away are shown in gray. The strands are
not perpendicular to the c-axis, which introduces a shear-stress
between vertically adjacent peptides. (b) Diagram (I) illustrates two
sheets of the stressed peptides. Part (II) shows a counterfactual
structure, which would relax the shear stress, but introduce a mismatch
at the buried IQN steric zipper. Part (III) introduces a right-handed
twist, thus fixing the mismatch while retaining the angling of the sheets
and the relaxation of the shear.
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explains why it has been observed to be sensitive to mutations
of the terminus residues.*’

According to the proposed mechanism, there are two
symmetry-breaking steps that take place: the first is the up—
down symmetry of the peptide backbone. In the structures
observed, the peptides are angled upward in the N—C
direction, which introduces an elastic stress between vertically
adjacent peptides (Figure 6b (I)). The second symmetry that
must be broken is the choice of an axis of rotation for the fibril
to twist about. For ILQINS, this is the Qj steric zipper. If one
of the two symmetry breakings were to occur in the opposite
sense (either backbone pointing down N—C, or I, stack at the
center of rotation), then the phenomenon would serve only to
reinforce the normal left-handed twist of the fibril. From Figure
5b and from the established strength and tightness of Q/N
zipper motifs,”>® it is not surprising that the axis of rotation
should be the IQN face of the peptide.

From Figure 6 it appears that the shearing of the peptide
backbones out of the a—b plane is driven by interdigitation of
the double lone-pair bearing oxygen from the (protonated) C-
terminus with the positively charged N-termini above and
below. In order to be in contact with both the upper and lower
terminus atoms of the adjacent sheet, the termini must
necessarily be displaced up or down.

That the C and N termini point in different directions is
already fixed by the even-numbered sequence length of the
ILQINS chain (for odd numbered sequences, the C and N
termini of a relaxed chain point off-axis in the same direction).
That interdigitation of the termini leads to shearing of the
sheets, rather than a simple mass displacement along the c-axis,
is a more subtle issue. The requirement for this is probably
what makes the right-twist so rare. In the case of this system it
is possible that the attraction between Nj residues of adjacent
sheets contributes to preventing the S-sheets from interdigitat-
ing their termini simply by sliding past each other along the c-
axis. A further consequence of the dependence of morphology
on interdigitation of the termini is that right-twisted fibril
growth therefore requires assembly to take place along the a-
axis of the lattice; fibrils formed of the same monomer which
assemble primarily along the b-axis will be left-twisted or
rectangular, without any significant difference to the unit cell
structure.

To test the hypothesis that (given the candidate peptide-
dimer structure derived from simulation) the interdigitation of
the termini is necessary to induce the abnormal right-handed
twist, two simple simulations were run. One simulation was of
two fJ-sheets of 16 ILQINS peptides joined by the usual IQN
zipper, and one simulation was of four sheets: two copies of the
two-sheet zipper system, with the termini adjacent. The two-
sheet system was initialized with a right-handed twist and the
four-sheet system with a left-handed twist. After a short MD
simulation, each system rotated into the opposite twist to its
starting configuration and remained in the new twisted
conformation (Figure 7). This simple experiment shows that
the terminus interactions along the a-axis of the crystal (the
sterics and electrostatics of the NS, to I; packing) are required
to induce the right-handed twist.

The SAXS and WAXS data combined with the associated
MD simulations are in good agreement with the AFM results,
thus confirming that the ILQINS fragment aggregates very
rapidly into short right-handed helical ribbons fibrils whose
contour length propagates in a typical amyloid exponential
growth phase. Further incubation at pH 2 for a number of
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Figure 7. The importance of terminus interactions in the direction of
the peptide axis is demonstrated by comparing a system in which
axially adjacent sheet termini are present (2 X 2) to an identical one
without axially adjacent sheets (1 X 2). Right-handed twisting is
preferred only for the 2 X 2 system.

hours results in a conversion of the helical ribbons into flat
crystalline structures. To the best of our knowledge this study
discloses for the first time the structural self-assembly scheme
and kinetics of ILQINS hexapeptide into coexisting amyloid-
based helical ribbons and crystals formed under the same
experimental conditions in water and provides a compelling
molecular mechanism for the development of right-handed
chirality in amyloid fibrils generated from short peptide
sequences.

The explanation provided for right-handed twist, as coming
from shear caused by interdigitating termini, is particular to the
right-twisting structure which was generated to match the
experimental data on ILQINS. It is established that multiple
thermodynamically equivalent structures can exist for peptide
fibrils of this type, with either large or small structural
differences between them.®”®> Other causes of twist might
exist for right-twisting fibrils in which the termini do not take
part in the amyloid structure as advanced for the a-synuclein
case.

B CONCLUSIONS

We have identified the hexameric peptide sequence ILQINS
that is ubiquitous in amyloid fibrils formed from HEWL.
Experimental evidence showed that a helical ribbon con-
formation with a rarely found right-handedness is the preferred
morphology for these systems. A combination of X-ray
scattering and molecular dynamics simulations was used to
obtain an atomistic structure of the fibrillar unit cell. The
simulations show that this right-handed twist originates from
intersheet stresses. The fibrils assembled with rapid kinetics
(<90 s) as demonstrated by AFM, CD, and synchrotron SAXS/
WAXS studies. At longer reaction times a fibril-crystal
conversion was observed. The fundamental principles of
amyloid assembly elucidated here can aid the rational design
of future amyloid based biomaterials or biomimetic hybrids.
Our results infer that right twist can be promoted by ensuring
that assembly of fibrils along the peptide backbone axis (a)
kinetically or energetically dominates that along the side-chain
(b) axis. Our observations also provide a first conclusive
explanation for the known phenomenon that right twist can be
disrupted by mutations at the termini of the peptide strands.
Control of the elastic stresses has long been used in the design
and study of lipid membrane self-assembly, and this work
represents an important step toward the same understanding
and control in the case of amyloid aggregation of peptides.
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