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Abstract: Tau protein and its fragments self-assemble into
amyloid fibrils in the presence of polyanions, such as heparin.
By combining microscopy, scattering, and spectroscopy tech-
niques, we studied the aggregation of the 26-mer Tau-derived
peptide alone, Tau306–327, the third repeat fragment (R3) of the
microtubule-binding domain. We show that: i) the sole Tau306–

327 can self-assemble into amyloid fibrils without the need of
aggregation-promoting polyanions; ii) the resulting structures
consist of surprisingly large, well-ordered 2D laminated flat
ribbons, with a log-normal distribution of the lateral width,
reaching the unprecedented lateral size of 350 nm and/or 45
individual protofilaments, that is, the largest amyloid laminated
structures ever observed for Tau or any other amyloidogenic
sequence. Our results provide insight into the molecular
determinants of Tau aggregation and open new perspectives
in the understanding of the assembly of amyloid fibrils and b-
sheet-based biomaterials.

The self-assembly of peptides and proteins, such as a-
synuclein, Ab peptide, and Tau protein, into b-sheet-rich
fibrillar amyloid aggregates has been implicated in neuro-
degeneration and the pathogenesis of several devastating
neurodegenerative disorders including ParkinsonÏs and Alz-
heimerÏs diseases.[1, 2] Advances in understanding the mecha-
nism of amyloid formation has inspired the design of

biomaterials with a wide-range of applications in medicine
and biotechnology.[3]

Tau is a microtubule-binding protein and is the primary
constituents of the neurofibrillary tangles found in the brain
of AlzheimerÏs disease patients. Tau misfolding and aggrega-
tion is also thought to play a central role in the pathogenesis
of several other human neurodegenerative diseases, known
collectively as “tauopathies”.[4] In vitro, the Tau protein does
not aggregate spontaneously and adopts predominantly
disordered conformations, but undergoes rapid aggregation
in the presence of polyanions, such as heparin.[5]

Previous experimental studies have shown that the
aggregation of Tau protein is strongly associated with two
short amino acid sequences: one located in the third repeat
fragment (R3, that is, VQIVYKPVDLSKVTSKCGSLG-
NIHHK) of the microtubule-binding domain of Tau,
306VQIVYK311, and its homologous sequence, 275VQIINK280,
in the second repeat fragment. Both of these fragments have
been shown to be critical in nucleating the self-assembly and
formation of b-sheet-rich fibrillar aggregates of Tau.[6] The X-
ray crystallographic structure of the sequence VQIVYK
provided insight into the aggregation of Tau protein, showing
paired layers of parallel, in-register b-sheets similar to those
of many other amyloids.[7] Interestingly, the aggregation of the
R3 fragment containing the 306VQIVYK311 sequence, in the
presence of heparin, leads to the formation of fibrillar
structures that exhibit similar structural and morphological
properties as those assembled from the full-length Tau
protein.[8]

While investigating the self-assembly properties of the 26
amino acid peptide fragment that comprises the R3 domain of
Tau (Tau306-327), we observed that this peptide aggregates in
the absence of heparin and forms giant, flat, multistranded
amyloid ribbons generated from the lateral assembly of up to
45 individual protofilaments. This unparalleled lateral growth
of protofilaments leads to an effective 2D laminated mor-
phology, as confirmed by both atomic force microscopy
(AFM) and small-angle X-ray scattering (SAXS), and
suggests a potential role in artificial biomaterials design.

The occurrence of laminated ribbon structures has
previously been observed during the self-assembly of several
molecules, including a simple peptidomimetic,[9] the Ab(16–
22) peptide,[10] 20-mer peptides,[11] an amphiphilic dipeptide
incorporated with an azobenzene moiety,[12] and hydrolyzed
lysozyme and b-lactoglobulin proteins.[13] However, these
laminated structures only reached a relatively low number of
protofilaments, usually less than 20, maintaining the high
aspect ratio typical of fibrous morphologies. Furthermore,
and of more immediate significance, a lateral aggregation
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process leading to highly laminated structures has never been
observed during the aggregation process of the Tau protein or
fragments derived from it, neither in the presence nor absence
of heparin.

Figure 1a shows the circular dichroism (CD) spectra of
the R3 peptide incubated in buffer, in the absence of heparin,

either with shaking at 1000 rpm or without shaking (under
quiescent conditions). The spectra present a strong peak
minimum at 220 nm and 218 nm, respectively, indicating the
presence of b-sheet secondary structures, a typical hallmark of
amyloid structures. Interestingly, when the R3 peptide was
incubated in buffer containing heparin and with shaking at
1000 rpm for 24 h, the CD spectra also presents a peak
minimum at 220 nm (Supporting Information, Figure S1 a).
To confirm if these b-sheet-rich ribbon-like structures possess
amyloid-like properties, we assessed their ability to bind to
the amyloid-specific dye Thioflavin T (ThT). Figure 1b shows
that these structures bind to ThT, as evidenced by the increase
in the fluorescence signal related to control or unaggregated
peptide. The ThT fluorescence intensity of the R3 peptide
solutions incubated in the absence of heparin, with or without
shaking, is quite low in comparison to the intensity collected
for the R3 peptide solution incubated in the presence of
heparin with shaking (Figure S1 b). These results indicate that
the presence of heparin is not required for the formation of b-
sheet secondary structure of R3 peptides, although it clearly
enhances and accelerates the aggregation process. Under
these conditions, transmission electron microscopy (TEM)
images of the R3 peptide show a morphology reminiscent of

amyloid structures, with rigid and flat ribbon-like morphol-
ogies with a wide distribution of widths (Figure 1 c,d). Addi-
tional AFM and TEM images in the presence or absence of
heparin revealed significantly different morphologies com-
pared to the fibrillar structures (Supporting Information,
Figures S2 and S3).[8]

All of these results confirm that the R3 peptide is capable
of self-assembling into b-sheet-rich amyloid structures in the
absence of heparin. Because the aggregation of R3 in the
presence of heparin is already known[8] (see also Figure S2),
we decided to focus next on conditions lacking heparin by
using high-resolution AFM.

Figure 2 displays high-resolution AFM height images
(Figure 2a,c) and the corresponding AFM phase images

(Figure 2b,d) of the self-assembled R3 peptide after incuba-
tion for one week without heparin. Well-defined laminated,
giant, flat ribbons containing many laterally assembled
protofilaments in a 2D fashion are visible. In some cases, it
is possible to observe other layers on top of the flat
multistranded ribbons (Figure 2a,c). This contrasts sharply
with the fibrillar structure observed for R3 in the presence of
heparin (Figure 2 a, inset). A representative gallery of AFM
images is displayed in Figure S4. From the AFM images, the
different thicknesses of the multistranded ribbons could be
unambiguously resolved.

Figure 3 shows the analysis of the height measured for the
multistranded ribbons. The lowest detectable maximum in
height distributions of the ribbons was around 1.8 nm (Fig-
ure 3c).

Figure 1. a) CD spectra of the R3 peptide incubated in buffer in the
absence of heparin at 37 88C with shaking at 1000 rpm for 24 h (red
color), and without shaking for 48 h (blue color). b) ThT fluorescence
intensity of the peptide solutions incubated in buffer in the absence of
heparin at 37 88C with either shaking at 1000 rpm for 24 h (red color),
or without for 48 h (blue color). TEM images of self-assembled R3
peptide after incubation in buffer in the absence of heparin at 37 88C
with shaking at 1000 rpm for 24 h (c), and without shaking for
48 h (d).

Figure 2. High-resolution AFM height images (a, c) with corresponding
AFM phase images (b,d) of flat, multistranded ribbons self-assembled
from the R3 peptide in the absence of heparin after incubation in
buffer for 1 week at 37 88C without shaking. The inset in (a) displays, as
a control, the fibrillar structure of the R3 peptide observed in the
presence of heparin.
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Other maxima in height distributions showed values with
approximately 1.3 nm of increase. The correlation of the
maximum height with the number of b-sheets for different
multistranded ribbons (Figure 3d) shows a good linear
correlation (R = 0.994), with a slope of 1.27� 0.03 nm per b-
sheet and an off-set of 0.5� 0.1 nm corresponding to the
peptidic residues on both sides of the b-sheet.

To characterize the morphology of the multistranded
ribbons in greater detail, the structural features were analyzed
statistically using the open source code FiberApp.[14] Fig-
ure 4a and 4b show the distances between individual proto-
filaments in the multistranded ribbons extracted by two
different methods: the height autocorrelation function and
the Fast Fourier Transform (FFT) of the height signals,
respectively. Based on the averaged autocorrelation functions
(Figure 4a) and FFT (Figure 4b) of the transversal height
profiles perpendicular to the axis of the multistranded
ribbons, the distance between protofilaments was determined
to be 7.8 nm. Thus, the constitutive protofilament of the
highly laminated multistranded amyloid ribbons is resolved to
have a pseudorectangular structure of 1.8 nm × 7.8 nm. The
statistical distribution of the widths of the multistranded
ribbons was also analyzed and the resulting histogram (Fig-
ure 4c) shows that the width of ribbons increases beyond
350 nm, following a log-normal distribution with a mean
width value of 149.7� 4.2 nm. This unprecedented lateral size
of 350 nm in laminated amyloid ribbons is much higher than
any other laminated amyloid structure assembled. For
example, the maximum reported sizes for comparable struc-
tures are 150 nm for peptidomimetics,[9] 130 nm for the
Ab(16–22) peptide,[10] 50 nm for 20 amino acid peptides,[11]

33 nm for amphiphilic dipeptide incorporated with an azo-

benzene moiety,[12] and 173 nm for hydrolyzed lysozyme and
b-lactoglobulin.[13]

The lateral assembly histogram expressed in terms of
number of protofilaments (Figure 4d) indicates that as many
as 45 protofilaments assemble laterally to form the largest
ribbons. To our knowledge, this is the largest number of
protofilaments ever reported to co-assemble in the formation
of a single individual amyloid fibril. The large number of
protofilaments indicates the presence of very strong hydro-
phobic interactions, encoded by the sequence of the R3
fragment, that govern the lateral assembly of the constitutive
protofilaments, analogous to other amyloid systems.[15]

The self-assembly of the R3 peptide in buffer without
heparin at two different concentrations (low 0.05 wt% and
high 1 wt %) was also analyzed by SAXS. Analysis of the
SAXS intensity profiles for both concentrations (Figure 4 e)
revealed that at low scattering vector values (q) the slope of
the spectra has a characteristic dependence on q¢2, indicative
of a flat 2D morphology. A synchrotron SAXS kinetic study
over different incubation times confirmed that this q¢2-

Figure 3. High-resolution AFM height images (a, b) of flat, multi-
stranded ribbons self-assembled from the R3 peptide after incubation
in buffer for 1 week at 37 88C in the absence of heparin, without
shaking. c) The height distributions obtained from AFM images.
Arrows indicate the maxima for different height distributions. d) Linear
behavior between the height profile and the number of b-sheets in flat,
multistranded ribbons. The minimum height is 1.27�0.5 nm and the
slope 1.27�0.03 nm.

Figure 4. Determination of the distance between individual protofila-
ments within ribbons by: a) averaged autocorrelation functions of the
transversal height profiles, and b) FFT analysis of the transversal
height profiles perpendicular to the axis of flat, multistranded ribbons
self-assembled from R3. Histogram of width distributions of flat
multistranded ribbons self-assembled from the R3 peptide as a func-
tion of c) lateral width and d) number of aggregated lateral protofila-
ments. The continuous lines are log-normal fits, giving a mean value
width of 149.7 nm and 18.7 protofilaments, respectively. e) SAXS
intensity profile of 0.05 wt% (red color) and 1 wt% (blue color)
dispersions of the R3 peptide. SAXS intensity profile in the low q-
values region shows a q¢2-dependence, indicative of flat 2D particles,
and the continuous lines are fits with the form factor of an infinitely
large flat particle[16a] of thickness of 3.8 nm. f) WAXS intensity profile
for the pristine (blue color) and freeze-dried (red color) R3 peptide.
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dependence was already evident after 24 h (Figure S5).
Similar q¢2 slopes have also been identified for flat 2D
particles, owing to the assembly of the ILQINS hexapetide[16a]

or arginine-coated peptide,[16b] strongly suggesting similar
assembly for the R3 peptide. Thus, the SAXS results
independently confirm the highly laminated structures
observed for R3 by microscopy.

Wide-angle X-ray scattering (WAXS) experiments were
also performed on the pristine powder, as well as the freeze-
dried powder obtained from the 1 wt% dispersion (Fig-
ure 4 f). The results show the presence of two peaks for both
powder samples. The inter-b-sheet distance at q = 5.7 (pristine
sample) and 4.9 (freeze-dried sample) nm¢1, and the inter-b-
strand distance at q = 13.4 nm¢1. The first peak corresponds to
a distance of 1.10 and 1.27 nm for the pristine and the freeze-
dried sample, respectively, with very low correlation lengths
of approximately x = 1 nm. This distance is in agreement with
the slope of 1.27 nm obtained from the AFM analysis, and the
low correlation length value indicates the low statistical
number of b-sheets per multistranded ribbon. The second
peak at high q-value corresponds to the typical distance of
0.47 nm characteristic of the interspacing among b-strands
typically found in amyloid structures, with correlation lengths
from 4 to 7 nm. The WAXS analysis corroborates both the
CD spectroscopy and ThT fluorescence experiments in
resolving the typical secondary structure of amyloid fibrils
in R3 aggregation.

By combining the structural features from the AFM
analysis with the amyloid fingerprint revealed by CD, ThT,
and WAXS, a molecular packing of the R3 peptide within the
constitutive 1.8 nm × 7.8 nm protofilament can be proposed.
By taking the average length of a peptidic bond as 3.6 è, the
fully extended R3 26-mer should have a length of 9.4 nm.
Molecular modelling of the peptide sequence (semi-empirical
quantum mechanics method) gave an end-to-end distance of
8.3 nm, with a kink in the b-strand owing to the presence of
a proline residue in the 7th amino acid, consistent with the
7.8 nm measured by AFM. Figure 5 shows a proposed struc-
tural model of the R3 peptide self-assembly and protofila-
ment formation based on all of the measurements reported
here, which is consistent with modeling results.[17]

In summary, we used the microscopy techniques TEM and
AFM, in combination with CD spectroscopy, ThT fluores-

cence, and X-ray scattering, to investigate and characterize
the self-assembly of the R3 26-mer, Tau306–327, comprising the
third repeat fragment of the microtubule-binding domain of
the Tau protein. While the R3 peptide in the presence of
heparin self-assembles into typical fibrillar amyloid struc-
tures[8] (see also inset of Figure 2a and Figure S2), R3 self-
assembles in the absence of heparin into large, flat, multi-
stranded ribbons consisting of up to 45 laterally assembled
protofilaments. These results indicate that the Tau protein
and fragments derived from it, such as the R3 peptide, may
assemble into amyloid structures of surprising dimensions in
the absence of aggregation-enhancing species, such as heparin
or alternative polyanions. These results may open new
perspectives on the potential roles of hydrophobic interac-
tions in guiding the lateral 2D assembly of amyloid proteins
that are the defining hallmarks of neurodegenerative diseases.
In particular, the presence of directional interactions among
protofilaments can be be inferred from the 2D structures,
analogous to patchy-like hydrophobic interactions.[15] Finally,
our results may have implications on ex-novo design of b-
sheet-based materials for biomaterials, scaffolding, templat-
ing, and nanotechnology applications.

Keywords: AFM · amyloids · peptide ribbons · self-assembly ·
statistical analysis
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