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The supramolecular architecture of amyloid fibrils formed by a
human tau-derived hexapeptide VQIVYK

Irene del Mar Farinas Lucas™ ¢, Youssra K. Al-Hilaly™@®, Liisa Lutter*, Wei-Feng Xuect, Louise C.
Serpell®t

The sequence 306VQIVYK311 is an aggregation prone region of the tau protein implicated in driving assembly of tau into paired
helical filaments. These filaments accumulate as intraneuronal neurofibrillary tangles in Alzheimer’s disease and a range of
tauopathies. Prolonged incubation of VQIVYK results in highly ordered fibrillar structures that give rise to unusually detailed
and highly oriented X-ray fibre diffraction patterns. These matured fibrils provided the opportunity to use a novel integrative
approach that combined X-ray fibre diffraction analysis, with 3D contact point reconstruction atomic force microscopy (CPR-
AFM) of individual filaments, to determine molecular and supra-molecular details. X-ray diffraction analysis resulted in a
molecular model consistent with a X-ray crystallography structure, which could be further optimised to give rise to a highly
twisted filamentous protofilament architecture. Analysis of individual fibril envelopes by CPR-AFM revealed a diverse
polymorphous population with a major fibril morphology of apparent smooth, cylindrical fibrils, and morphological
subpopulations of fibrils with clear left-hand twisting patterns while X-ray diffraction suggests that the protofilament core
structure remains consistent between the polymorphs. Here, we reveal that VQIVYK amyloid fibrils form a polymorphous
amyloid population by assembly of highly ordered protofilaments. The combined approach gives novel molecular and

supramolecular information regarding the structure of a highly twisted amyloid fibrils.

Introduction

Amyloid fibrils are defined by the organisation of 3-strands that
run perpendicular to the fibre axis and are hydrogen bonded
along the length of the fibre axis to generate a highly ordered
architecture !. The B-sheets are associated via interdigitation of
the amino side chains to result in a molecular structure with high
stability and impressive tensile strength 24, Amyloid fibrils are
well known for their association with protein misfolding diseases
56 which include neurodegenerative diseases like Alzheimer’s
disease 7 and systemic amyloidoses such as Senile Systemic
Amyloidosis 8. Functional amyloid fibrils provide adhesion and
protection in many organisms such as curli in certain bacteria °
and PMell7 in human melanosomes '°. They can also play an
important role in controlling memory !'! and in viral infection 2.
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Due to their inherent strength, amyloid fibrils have been
developed as
bionanomaterial applications 315,

functional materials in a number of
Tau is an amyloidogenic protein that self-assembles to form
paired helical filaments (PHFs) that are found intracellularly in
the neurons of Alzheimer’s brain tissue '°. PHFs are amyloid
structures that display all the defining characteristics of a cross-
B structure !7. Full length tau is mostly an intrinsically
disordered protein, but several regions of tau have been
identified that may serve to drive self-assembly to form fibrils.
These are hexapeptide sequences named PHF6 and PHF6* and
have the sequences VQIVYK and VQIINK 820 These
hexapeptide fibrils are not found physiologically. The crystal
structures of VQIVYK fibrillar microcrystals show the classical
cross-f structure within a 3D lattice '° with a steric zipper
architecture similar to fibrous crystals formed by other short
amyloidogenic peptides 3 1. Cryo-electron microscopy (cryo-
EM) has provided a 3D structure for the tau paired helical
filament (PHF) from Alzheimer’s disease brain. Here, the core
filament forming region extends from tau 304 to 380 with a
parallel B-sheet organisation where each peptide is stacked above
The hexapeptide 306 VQIVYKj3; is
found in a B-strand that pairs across the sheet and interdigitates

an identical sequence 2l

with a peptide ;7sFTLKHT;73 across an antiparallel zipper in ex
vivo fibril structures extracted from tissue of patients with both
Alzheimer’s disease and chronic traumatic encephalopathy?? 23,
In ex vivo structures from corticobasal degeneration brain tissue,
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VQIVYK forms part of the central four-layered cross-p packing
24 but in all tauopathy filament structures, the sequence is
arranged in a parallel B-sheet. These structures point to an
important role of the VQIVYK region. Understanding its
propensity to form amyloid fibrils alone may provide insight into
the parallel stacking arrangement of a range of disease-relevant
tau fibril structures and their potential for polymorphic assembly.
Structure determination from PHF formed from Tau297-391 in
vitro has shown that the structures mature with incubation time
25 providing further insights into the importance of structural
polymorphism with fibril maturation and disease progression.

X-ray crystallography from microcrystals and CryoEM from ex-
vivo and in-vitro fibrils has provided useful structural details of
amyloid organisation. However, these techniques have not been
able to provide details of the longer-range, supra-molecular
detail due to reliance on the cross-p repeat as well as averaging
over many molecules. Here, we have combined X-ray fibre
diffraction with individual filament atomic force microscopy and
gone beyond the cross-f3 repeat to provide a model for the full
fibrillar structure of the VQIVYK fibril. VQIVYK has been
widely observed to form amyloid fibrils spontaneously in
aqueous buffer and water 2°. Previous work has shown that short
peptides (e.g. GNNQQNY and HYFNIF sequences) and longer
proteins (Tau297-391) are able to form fibrils that mature with
time 25 27 28, We report that following a prolonged incubation,
VQIVYK forms exceptionally well-ordered amyloid fibrils
giving rise to an unusually detailed X-ray fibre diffraction
pattern that is not typically seen for amyloid fibril samples. AFM
reveals a polymorphic population, dominated by a smooth
morphology  without detectable twist, and
with  left-handed twisted fibrils. The
exceptionally detailed X-ray fibre diffraction patterns were

filament
subpopulations

analysed alongside complementary atomic force microscopy
imaging data with individual filament structural analysis by 3D
contact point reconstruction (CPR-AFM). The
approach generated a supramolecular model of the filament
structure that describe both the commonality and the
individuality of VQIVYK fibrils and suggest lateral assembly of

integrated

protofilaments into fibrils as a source of structural
polymorphism.
Materials and Methods

AMYLOID FIBRIL FORMATION

Ac-VQIVYK-NH, was purchased from JPT at 97% purity as a
trichloroacetic acid salt. The peptide was dissolved in Milli-Q
0.22 um filtered water at 1 mg/ml and was allowed to self-
assemble at room temperature over two years. Samples were
collected immediately (Oh), after 7 days incubation and after
approximately two years.

TRANSMISSION ELECTRON MICROSCOPY

4 pL of fibril solution was applied to formvar coated 400 mesh
copper grids (Agar Scientific) and allowed to adhere for 60

2| J. Name., 2012, 00, 1-3

seconds before blotting, washing with 4 pL of filtered MilizQ
distilled water and then incubating with (222 {hCAdterdRutahyA
acetate (2% w/v) for 30 seconds and then washed twice with 4
uL of filtered Milli-Q distilled water and allowed to air dried.
The grids were examined using a JEOL JEM1400-Plus
Transmission Electron Microscope (TEM) operated at 120 kV
and images were collected at 20-40K magnification using a
Gatan OneView camera (4Kx4K). Images were recorded at 25
fps with drift correction using Digital Micrograph (GMS3,
Gatan).

ATOMIC FORCE MICROSCOPY DATA COLLECTION AND ANALYSIS

The pre-assembled fibril sample was diluted 1/50 in sterile
filtered Milli-Q water adjusted to pH 2.0 using a dilute solution
of HCI.
deposited onto freshly cleaved mica surfaces (Agar scientific,

Immediately after dilution, 20 uL samples were

F7013) and incubated for 10 min. Following incubation, the
sample was washed with 1 mL of the filter sterilised HCI solution
and dried using a stream of nitrogen gas. Fibrils were imaged
using a Multimode 8 AFM with a Nanoscope V (Bruker)
controller operating under peak-force tapping in the ScanAsyst
mode using Bruker ScanAsyst probes (silicon nitride triangular
tip with nominal tip radius of 2 nm and nominal spring constant
of 0.4 N/m, Bruker). Height channel images, with scan sizes of
3 %3 um, 5 x5 um, or 8 x 8 um were collected with 2048 x 2048
pixels each. Nanoscope analysis software (Version 1.5, Bruker)
was used to process the image data by flattening the height
topology maps to remove tilt and scanner bow. Flattened image
data was imported into Trace y software 2° where all subsequent
analysis was carried out. Fibrils were traced and digitally
straightened and the height profile for each fibril was extracted
from the centre contour line of the straightened fibrils. A total of
61 individual filaments traced from 16 independently scanned
images were analysed. The straightened fibril traces were
corrected for the tip-convolution effect using an algorithm based
on geometric modelling of the tip-fibril contact points, followed
by 3D reconstruction of the fibril envelopes as previously
described?. The method involves determining the helical pitch
of each fibril through Fourier transform of the fibril centre
contour heights. Where this was not possible due to lack of any
clear periodicity in the central line height profile of the fibril, the
mean pitch of fibrils with detectable pitch was used. Out of the
61 fibrils analysed, 51
appearance, and their mean cross-sectional area estimated

fibrils have a smooth cylindrical

flowing correction of the tip-sample convolution effect (example
shown in Supplementary figure S1) were 64.5£3.4 nm?
(mean=sd). It was previously confirmed on three smooth fibrils
that while varying the pitch from 10 to 100 pixels the mean
difference between maximum and minimum of mean cross-
sectional area values is 0.23 nm? indicating that using an average
pitch in the case of these smooth fibrils has comparatively little
effect on the cross-sectional area measurements from the
reconstructed fibril envelope models.

This journal is © The Royal Society of Chemistry 20xx
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X-RAY FIBRE DIFFRACTION DATA COLLECTION AND ANALYSIS
10 pL droplet was placed between two wax-tipped capillary
tubes arranged in a petri dish at 4 °C and allowed to dry for
several days. The resulting bundle of fibrils on a capillary tube
was mounted on a goniometer head and X-ray fibre diffraction
data was collected using a Rigaku CuKa rotating anode and
RAXxis 4++ detector. Exposure times were 30s or 60s with a
specimen to detector distance of 50 or 100 mm respectively.
Patterns were converted to tiff format and inspected using
CLEARER 3%, The patterns were centred and radially averaged,
and the diffraction signal positions were measured using the peak
finder tool in CLEARER. The signals positions were further
confirmed using Zoom and Measure tool. Values that diverged
from the equatorial were measured using the angle in pixels from
the origin and calculated using trigonometry. Unit cell
dimensions were derived using unit cell determination tool
following the input of equatorial diffraction signals.

MODELLING

Models were prepared using the X-ray crystallography structure
20N9.pdb!® as a starting model. A model structure was
generated using a python script that imposes specific translation
and rotation parameters and these models were generated using
Pymol 31.

DIFFRACTION PATTERN CALCULATION

Diffraction patterns were calculated from PDB coordinates
generated from Pymol 3! using the Diffraction simulation tool in
CLEARER and the determined unit cell parameters°.

200 nm
—

Figure 1. Micrographs showing amyloid fibrils formed by VQIVYK following prolonged
incubation. a) TEM shows a major population of smooth fibrils and fewer with a
pronounced twist. b) AFM shows very long smooth fibrils and a smaller population of
twisted fibrils made up of protofilaments. White arrows highlight twisted fibrils.

Results

X-RAY FIBRE DIFFRACTION REVEALS SEMI-CRYSTALLINE
ORDER WITHIN VQIVYK PROTOFILAMENTS

Transmission electron microscopy and atomic force microscopy
revealed very straight, mostly smooth appearance of the fibrils
arising from extended incubation of VQIVYK (Figure 1). X-ray
fibre diffraction patterns were collected from the partially

This journal is © The Royal Society of Chemistry 20xx
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aligned VQIVYK fibrils. These showed a classical,cross:3
diffraction pattern with expected 4.86 A afd T0!83A RFiffiatton
signals perpendicular to one another on the meridian and equator,
respectively. These signals arise from hydrogen bonded [-
strands, and from the B-sheet spacing, the chain length and the
protofilament packing 32 (Figure 2). Remarkably, the detailed
diffraction pattern showed that the fibrils within the fibre sample
were extremely well oriented and semi-crystalline (Figure 2,
Table 1). TEM of fibrils formed at immediately (Oh) and 7 days
shows less mature, more twisted fibrils and the cross-f pattern
lacks the finer detail of the pattern collected following prolonged
incubation (Figure S2). Extended incubation samples showed
diffraction signals observed at 8.3 A and 10.5 A with a split
appearance as off-equatorial or rho lines (Figure 2, Figure S3)
which were not apparent for the less mature fibril pattern.

a b Merician
# /'-
o -
-

Figure 2. X-ray fibre diffraction from amyloid fibrils formed by VQIVYK. a) Diffraction
pattern taken with a distance of 50 mm. b) Diffraction pattern taken at 100 mm specimen
to detector distance. Diffraction signals are labelled and the characteristic cross-p signals
on the meridian (4.76A) and equator (10.5 A) are highlighted in bold. Additional
equatorial signals are observed at 10.5A, 5.5A and 4.8A, with lower angle signals labelled.
From the equatorial signal at 10.5A a low intensity-split pattern arises, while 8.1A
displays a split pattern with higher intensity than the signal at the equator. The equator
and meridian are labelled with black dotted lines and the off-equatorial and rho line
directions are shown in white dotted lines.

The X-ray crystallographical structure of VQIVYK peptide has
been solved from microcrystals ' with unit cell dimensions
determined as a=4.86A, b=61.93A, c=15.41A; 0=90.00°,
p=98.11°, y= 90.00° .
arranged with the same side chains facing each other in a “face-
to-face” configuration (20N9.pdb) (Figure 3a, b). An X-ray fibre
diffraction pattern was calculated using the crystal structure

The unit cell contains two peptides

coordinates and unit cell dimensions submitted with 20N9.pdb.
The calculated pattern showed a good match with the
experimental diffraction pattern from VQIVYK fibrils (Figure 3)
(table 1). However, the structure solved from 3D microcrystals
necessarily does not incorporate a twist in the -strands and the
calculated pattern does not give rise to observed split in the
equatorial signals implying that some detail is missing in the
model structure.

J. Name., 2013, 00, 1-3 | 3
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Figure 3. The structure of fibrillar VQIVYK. a) 20N9.pdb structure is shown in the unit
cell derived from the crystal structure *°. Peptide association depicts the inter-sheet
hydrogen bonds between side chains (shown in orange) in a dry steric zipper, highlighted
by the smaller box. b) Full unit cell with four peptides along the b lattice vector. Red
crosses represent the water molecules, that H-bond with blue side chains in the wet
steric zipper. Figure was prepared using Pymol 3L, c) Experimental XRDP from fibrillar
VQIVYK compared with the pattern calculated from 20N9.pdb 3D model using the unit
cell derived from the crystal structure 20N9.pdb (a=4.86A, b=61.93A, c=15.41A;
@=90.002, B=98.11¢, y= 90.002) 19,

Measurement of the angle of the split reflections from the
equator is 27.70 ° (Figure S2) and this twist was incorporated
into the model structure as a twist of 13.85° for each of the
strands within each sheet. This gives a helical pitch of
approximately 124 A for 26 stacked peptides resulting in a highly
twisted filament (Figure 3). Calculation of the diffraction pattern
from this twisted model structure gives rise to a good match
between the calculated and experimental diffraction data (Table
1), and helps to validate the model. Although there are close
similarities between the experimental and calculated data, we
can not rule out the possibility that another model may also fit
the data. This is a model of the protofilament.

4| J. Name., 2012, 00, 1-3
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Table 1. Diffraction signals position from experimental fibre diffractionyjpattesn-fsamn the
VQIVYK fibril sample compared to fibre diffraction signalsle4MulbReHFASN2AONS préhlatid
twisted model structure in cell a=4.86A, b=61.93A, c=15.414; a=90.002, p=98.11¢, y=
90.002

Experimental diffraction Calculated signals Calculated
signals from VQIVYK fibrils from 20N9.pdb from model
(A)
Equatorials
~37
~30 30.94 30
24
18.3 18.52 18.52
17
16.2
13.5 14.1 13.11
10.5 10.74 10.22
8.1 8.54 8.54
6.15 6.15
5.5 5.44 5.61
4.8 4.99 4.9
Meridionals
4.8 4.8 4.8

The unit cell from the VQIVYK crystal was further optimised to
accommodate the twist and have been updated to a=4.86A,
b=58A(2), c=18A; 0=90.00°, B=98.11°, y= 90.00°. The twisting
architecture results in new interactions in the hydrogen bonding
of the inter-sheet plane (Fig 4). The side chains from upper layers
bond with lower layers, forming a very stable conformation. As
a result, Tyr is closer to the adjacent B-strand than in the planar
conformation of the crystal, and aromatic residues make a strong
contribution to steric zipper stability'> .

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Molecular model of VQIVYK fibrils. a) The twist between parallel B-strands allows hydrogen bonding (red dash line) in the lattice vector a (4.86A) forming B-sheets. In the
horizontal axes, interactions link side chains from upper layers with lower ones, forming a very stable hydrogen bonding (black dash line) in b lattice vector and maintains the intra-
sheet bonding distance of 4.86A. The layers interact via inter-bonding between layers 1—2, 2—3 and 3—4. b) Perspective parallel to the fibre axis (a lattice vector) showing the angle
applied to the equator of the protofilament. c) The 3D molecular structure of the protofilament shows the twist of 13.852 from layer to layer. The rotation is applied in the equator,
resulting in 26 monomers/repeat. d) shows the comparison between calculated pattern from the model created using 20N9.pdb with an additional 27° twist with experimental data.
The optimised model provides an additional diffraction signal that matches with the reflection at 184, and split off-meridians that simulate the experimental pattern.

STRUCTURAL ANALYSIS OF INDIVIDUAL FIBRILS BY ATOMIC
FORCE MICROSCOPY SHOWS A MIXTURE OF FIBRIL STRUCTURES
WITHIN VQIVYK FIBRIL POPULATION

X-ray fibre diffraction provides short range information on the
core structures of fibrous architecture, while electron microscopy
revealed their polymorphic supramolecular organisation. AFM
analysis subsequently employed to investigate the
polymorph distribution by individual filament structural
analysis. Tracing of 59 individual fibrils from AFM images
revealed a major fibril population with an apparent smooth
cylindrical envelope. This is consistent with highly twisted
fibrils where the helical pitch is in the order of 12 nm suggested
by the XRFD data. Smooth fibrils have a consistent mean height
in the range of 8.6 nm to 9.6 nm (Figure 5), suggesting that the
fibrils are formed from multiple protofilaments with ordered core
structure seen in the XRFD analysis. Sub-populations of
observably twisted fibrils with a clearer pattern of peaks and
troughs across the central line height profile compared with the
smooth fibrils was also observed with a comparatively larger
range of mean height values below that of the major population
between 5.7 nm and 9.2 nm, and a large degree of variation in
twist and morphology. These sub-populations of fibrils may
represent species that were not fully assembled compared with
the major population of mature fibrils. The handedness of the
helical twist of all fibrils in this population were left-handed,
inferring that the handedness for the major population of smooth
cylindrical fibrils are likely to be left-hand twisted.

was
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Figure 5. AFM analysis of VQIVYK fibrils shows a major morphology of smooth and
cylindrical fibrils and minor sub-population of fibrils with various twisting morphologies.
A) AFM image of VQIVYK fibrils. Scale bar represents 500 nm. B) Analysis of two fibrils
with different morphologies. The fibrils shown in b) are those highlighted with blue and
red arrows in a), respectively. Top panels show straightened AFM images of a 200 nm
section of the fibrils. The middle panels show reconstructed 3D envelopes of the fibrils.
The bottom panels show the height profiles of the fibrils across the central lines of the
straightened filaments. A 200 nm segment along the length of the reconstructed fibrils
is shown for comparison. C) Mean height of the fibril central line plotted against the

mean cross-sectional area estimated by 3D contact point reconstruction AFM.
Distribution densities from 61 individual fibrils are plotted. The smooth fibrils are shown
in red and fibrils with clear peak-and-trough pattern are shown in blue. Inset shows the
relative size of the two sub-populations. A black line shows values expected for perfectly
cylindrical fibrils.

INTEGRATING STRUCTURAL INFORMATION FROM XRFD AND
AFM ALLOWED CREATION OF MULTI-SCALE STRUCTURAL
MODELS OF VQIVYK FIBRILS

Reconstruction of three-dimensional envelopes from traced and
straightened fibril height data enabled the average cross-
sectional area to be calculated for each individual fibril. Here, we
explored whether it is possible to estimate the number of pairs of
VQIVYK f-sheets that pack laterally to form the fibril
ultrastructure. Simple comparison of areas between the half-unit
cell of paired B-sheets and cross-sections of the smooth fibrils
suggests that this contains between 11-14 peptide pairs that could
be packed to form smooth fibrillar cross-sections (Figure 6). A
different arrangement with a more elongated cross-sectional
shape would be expected for the minor visibly-twisted fibril
populations. Intrafibrillar variation in the number of peptide
pairs or their arrangement could be used to explain the

morphology of the fibrils, as shown in Figure 6.
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Figure 6. Possible packing arrangements of VQIVYK unit cell cross-sections.
Arrangements of pairs of VQIVYK B-sheets in a half-unit cell modelled from the XRFD
(symbolised by the rectangles) mapped onto the cross-sectional dimensions of fibril
envelopes reconstructed from the AFM data. Possible packing arrangements tested are
those with fully convex cross-sections and two-fold symmetry. Regions consistent with
each of the arrangements are shown with an illustration of the packing of the peptide
pairs (rectangles), and the colour of the regions indicate cross-sectional area estimated
by the cross-sections’ convex hull area. This is mapped onto the polymorph distribution
of the fibrils visualised by their minimum radius plotted against the maximum radius
obtained by 3D CPR-AFM. The distribution of smooth fibrils is shown in red and the
distribution of fibrils with clear peak-and-trough pattern are shown in blue.

Conclusions

Major advances have been made to understand the architecture
of amyloid fibrils ! 33 from microcrystallography and cryo-
electron microscopy both providing exciting details regarding
the interactions between side chains in steric zippers and the
organisation of in-register parallel stacking of individual protein
chains. However, the limitations of these techniques due to bulk
averaging and reliance on the cross-f repeat mean that
supramolecular structures are undefined. X-ray crystallography
utilising microcrystals of amyloid forming peptides has
generated structures showing peptides within a crystalline lattice
and revealed the steric zipper arrangement 3. Cryo-EM analysis
of fibrillar structures uses a single-particle averaged approach
with a rise of 4.75 A alongside the classification of cross-over
repeat distances 34. Both cryo-EM and X-ray crystallography
analyses require averaging over numerous molecules. X-ray
fibre diffraction provides details of repeating units within the
fibrils and also can give information regarding the helical twist.
The amount of information regarding the structural model relies
on the detail within the diffraction pattern which in turn arises
from the order within the fibril sample. CPR-AFM is used here
to provide high-resolution detail on the molecular envelope and
has been developed to enable detailed reconstruction from
individual fibrils.

Here, using a powerful combination of X-ray fibre diffraction to
define the molecular architecture of the protofilament cores in
the sample, and atomic force microscopy to provide a details
molecular envelope for each individual filament, we have gained
valuable insights into the overall assembly and organisation of
peptides within an amyloid fibril and concluded that the fibrils
are assembled from protofilament building blocks with highly
ordered and common cores. We show that a fine twist within the
sheets creates a tight helix which results in very ordered fibril
cores. This provides useful data regarding the physics of filament
twist that often define the precise amyloid polymorph structures
3536, The atomic force microscopy analysis supports the
structural model. Furthermore, we show, from this prolonged
incubation of an amyloidogenic peptide, that this can converge
to form extremely stable, ordered fibril core structures. Here, we
have described a supramolecular structure of a fibril formed by
a hexapeptide following prolonged incubation. While this model
system has little direct physiological relevance, we have
demonstrated advances in structure determination of the longer-
range architecture from our combined approach which can be
used for disease relevant structures in the future.
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