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Understanding amyloid aggregation by statistical
analysis of atomic force microscopy images
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The aggregation of proteins is central to many aspects of daily
life, including food processing, blood coagulation, eye cataract
formation disease and prion-related neurodegenerative infec-
tions'>. However, the physical mechanisms responsible for
amyloidosis—the irreversible fibril formation of various
proteins that is linked to disorders such as Alzheimer's,
Creutzfeldt-Jakob and Huntington's diseases—have not yet
been fully elucidated®-°. Here, we show that different stages
of amyloid aggregation can be examined by performing a stat-
istical polymer physics analysis of single-molecule atomic force
microscopy images of heat-denatured B-lactoglobulin fibrils.
The atomic force microscopy analysis, supported by theoretical
arguments, reveals that the fibrils have a multistranded helical
shape with twisted ribbon-like structures. Our results also
indicate a possible general model for amyloid fibril assembly
and illustrate the potential of this approach for investigating
fibrillar systems.

Protein self-assembly is a wide-ranging phenomenon and is of
great importance in several areas of science. The reversible for-
mation of fibrils from globular proteins is a phenomenon occurring
naturally, in vivo, for proteins such as actin and tubulin'®!!. Other
well-known examples of protein fibrillation include the irreversible
amyloid fibril formation of various proteins implicated in neuro-
logical disorders such as Alzheimer’s, Creutzfeldt-Jakob or
Huntington’s diseases. Typically, these fibrils have long, unbranched,
and often twisted structures that are a few nanometres in diameter®?®.
However, many peptides and proteins, including many globular food
proteins that are used as gelling agents, foaming agents or emulsifiers,
can also form amyloid-like structures in vitro. Such structures can
possess desirable mechanical properties and can be used to create
useful textures and structures'>!3.

An example of a fibril formation of globular proteins is provided
by the fine-stranded heat-set gels formed by heating solutions of
various globular food proteins such as ovalbumin, bovine serum
albumin'? and B-lactoglobulin!®. B-Lactoglobulin has been particu-
larly well studied, because it represents both a relevant model system
and a major whey protein of interest to the food industry*-22

Despite the fact that the individual parameters controlling the
aggregation of globular proteins into amyloid fibrils have been
well identified, the driving force for such an aggregation process
still remains obscure. Studies devoted to the characterization of
fibril structures based on light, neutrons and X-ray scattering
methods, being bulk techniques, have only provided an average
ensemble picture of the fibrils®. Single-molecule techniques such
as atomic force microscopy (AFM) and transmission electron
microscopy (TEM) have recently emerged to probe amyloid fibrils

at the molecular level?*-?’. Nevertheless, so far, a fully comprehen-
sive picture of the aggregation behaviour among different amyloid
fibrils has not yet been achieved. In the present work we have
used single-molecule AFM to provide molecular details regarding
individual B-lactoglobulin amyloid fibrils and fibril aggregates
obtained by heat denaturation at pH 2. We have then combined
the statistical theory of semi-flexible polymers with simple scaling
arguments to determine their hierarchical structures and aggrega-
tion behaviour at the same pH conditions (pH 2), and thus in the
regime of high linear charge densities.

The AFM images of B-lactoglobulin fibrils produced by heat-
denaturation at pH 2 presented in Fig. la-d show several micro-
metre-long semiflexible fibrils, in agreement with previous literature
reports'®?!. Because width determination is strongly dependent on
the size and shape of the AFM tip, maximum height measurements
were preferred to characterize the different fibril cross-sections. By
performing a statistical analysis on AFM images we were able to
determine precisely the contour length (Fig. le) and cross-section
(Fig. 1f) of B-lactoglobulin fibrils. The most crowded fibril popu-
lation has a maximum height centred at 4.0+ 0.5 nm. Features
from this population agree well with other AFM studies on B-lacto-
globulin fibrils obtained after heating at 80 °C and pH 2 (refs 17,25).
Figure 1f shows that some very fine filaments of height 2.0 + 0.4 nm
can also be observed, together with thick fibrils of height 6.0+
0.4 nm. Surprisingly, Fig. 1f also shows that very thick fibrils of
heights well beyond 6 nm are also occasionally observed. The phys-
ical meaning of these thick fibrils will be discussed later.

Other valuable structural details, such as fibril splitting (Fig. 2a)
or fibril thinning (Fig. 2b), can be resolved by AFM measurements
of individual fibrils. In both cases, the height of the thicker parts was
found to be almost twice the height of the thinner parts.

A further structural detail that could be observed and resolved was
a periodic height fluctuation along the contour of the fibrils. This was
systematically observed for all fibrils with heights over 3 nm. The
presence of periodic fluctuations in height along the contour length
of amyloid fibrils is controversial and a matter of debate in the litera-
ture. Gosal and colleagues, who studied fine filaments, were unable to
observe any periodic structure in (3-lactoglobulin fibrils'>!”. In the
same systems, however, Arnaudov and colleagues'® observed a peri-
odic structure with a period of ~26 nm. When compared to previous
studies on B-lactoglobulin amyloid fibrils, our results show, for the
first time, the presence of a periodic structure with different
periods. Figure 3 presents AFM images of fibrils with four different
periods (35, 75, 100 and 135nm), corresponding to fibril
maximum heights of 4, 6, 8 and 10 nm, respectively. Thus, the
periodicity is found to increase linearly with the height of the fibrils.
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Figure 1| AFM imaging, contour length and maximum height distribution of B-lactoglobulin fibrils. a-d, Tapping-mode AFM height images of 8-
lactoglobulin amyloid fibrils at different magnifications. e, Distribution of contour length of B-lactoglobulin fibrils ranging from 0.5 pm to 15 um, with a maximum
at 5.5 um. f, Histogram of B-lactoglobulin fibril maximum heights with three major peaks corresponding to maximum measured heights of ~2, 4 and 6 nm.

The combination of fibril height distribution, fibril periodicity
and fibril splitting/thinning can be explained by a hierarchical multi-
stranded self-assembly scheme. These elements, taken together,
strongly suggest that the B-lactoglobulin fibrils have a helical left-
handed structure. Similarities between the formation of B-lactoglo-
bulin fibrils and amyloid protein aggregation have so far only been
suggested, but not confirmed!”*°. Amyloid fibrils obtained by differ-
ent aggregation mechanisms and from other proteins do show evi-
dence of helical structures formed by twisting of single filaments
around each other’®”. Our AFM studies of B-lactoglobulin fibrils
not only demonstrate analogies between heat-induced protein
fibrils and amyloid fibrils, but also clearly reveal similarities in

their self-assembly structure and mechanisms, suggesting a possible
general model for amyloid fibril assembly.

To further reinforce our self-assembly picture of the aggregation
of single filaments into different classes of multistranded helical
fibrils, we analysed the evolution of persistence length with fibril
height. The persistence length I, is determined directly from
the AFM images by means of the bond correlation function
for semiflexible polymers in a two-dimensional conformation,
<cos 6(s) > ~exp(—s/ ZIP), where 6 is the angle between the
tangent vectors to the chain at two points separated by a contour
distance s (Fig. 4a) and the factor 2 is used to rescale the exponen-
tial decay to account for the two-dimensional nature of protein
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Figure 2 | AFM imaging of fibril splitting and thinning. a, AFM height image
of fibril splitting, in which a single thick fibril unwinds into two separate thinner
fibrils. The height of thicker, non-split fibril was found to be almost double that
of thinner, split parts. b, AFM image of fibril thinning. In this case the thicker
fibril tends to be thinner at its end. Again, the ratio of the height far from the
fibril end and at the chain end was found to be approximately two.

fibrils absorbed on a substrate?. The persistence length [ is the
length above which thermal fluctuations can buckle a rod-like
polymer, and it is therefore a measure of the elastic properties of
a molecule®. [ is given by the relation I = EI/k,T, where E is
the Young’s modulus of the polymer, I the area moment of
inertia of the polymer cross-section, kg the Boltzmann constant
and T the temperature.

In Fig. 4b, the correlation function <cos (s)> between tangent
vectors at a contour distance s is given for the heights of the three
main populations of fibrils. Fitting of data in Fig. 4b with the expo-
nential decay given above directly yields the values of the persistence
length for the three main populations of fibrils, and these are plotted
in Fig. 4c against the respective maximum heights. This statistical
treatment clearly indicates a linear increase of the persistence
length with fibril cross-section. A simple scaling argument can be
used to further assess the multistranded helical self-assembly
scheme of the protein fibrils investigated.

For a multistranded fibril, the area moment of inertia I depends
directly on the packing geometry when packing individual filaments
together. Essentially two packing mechanisms can be envisaged for
a multistranded helical fibril: a close-packing filaments model and a
ribbon-like packing scheme?”-30:31,

When assuming that individual filaments are close-packed
together, the multistranded fibril cross-section can be approximated
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Figure 3 | Different periods of B-lactoglobulin fibrils. a, AFM height image
of fibrils with a period of 35 nm (for fibrils with a maximum height of 4 nm),
75 nm (maximum height, 6 nm) and 100 nm (maximum height, 8 nm). b,

Example of a fibril with a period of 135 nm and a maximum height of 10 nm.

by a cylinder of radius r. In the presence of a multitude of »
filaments of area A,, the total cross-sectional area would then be
A~ nA,~ r? which leads to an increase in the cross-section (and
thus maximum fibril height) with the number of filaments of the
form r~ n'/2. The corresponding area moment of inertia I scales
as r* and thus quadratically with the cross-sectional area A: I~
r*~ A?~n?, leading to a scaling behaviour of the persistence
length with number of filaments of the form [, ~ n*EAG/kyT.

Neither the growth of the cross-section nor the increase in per-
sistence length expected for close-packed filaments is compatible
with the experimental behaviour observed in Fig. 1fand 4c, respect-
ively, so a close-packed mechanism for forming filaments into a
multistranded helical fibril can be ruled out.

For a multistranded fibril formed by a twisting ribbon of # fila-
ments, the cross-section can be approximated by a rectangle of
height 27, and width 2nr,, where r, is the radius of the single fila-
ment. In this case, the observable radius of the fibril, and thus the
maximum observable height, are simply proportional to the
number of filaments (r & nr,). Furthermore, because the geometry
is no longer axisymmetric, two area moments of inertia exist (cor-
responding to the bending modes with respect to the two main sym-
metry planes of the ribbon), scaling respectively as I ~ r, - (nr,)* and
I~ (r,)* - nr,. Because the persistence length is proportional to the
energy (in units of k;T) needed to bend the fibril, it essentially
reflects the lowest energy bending mode, that is, the one with the
lowest area moment of inertia I~ (r,)* - nr,, leading to a scaling
behaviour of the persistence length of the form [ ~ nr{E/k;T.
Thus, for a multistranded helical fibril with twisting ribbon-like
cross-section, both the scaling behaviour of the maximum
height and the persistence length have a linear relationship with
the number of filaments in the fibril, in perfect agreement with
the results in Fig. 1f and 4c. Further experimental evidence of
the ribbon-like structure is provided by the fluctuations in
height found along the fibrils. Figure 4d shows those measured
for fibrils with a maximum height of 6 nm: the most frequent
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Figure 4 | Linear relation between the number of filaments and persistence length and periodicity of B-lactoglobulin fibrils. a, Sketch of a semiflexible
fibril chain with contour distance s and angle 6(s) among rigid fibril segments, used to determine the bond correlation function <cos 6(s)>. b, Decay of
<cos 6(s)> as a function of contour length s for filaments with heights of 1.5-2.5 nm (blue points, 50 fibrils)), for fibrils with heights of 3.5-4.5 nm (red
points, 108 fibrils) and 5.5-6.4 nm (yellow points, 60 fibrils). For populations with heights over 6 nm, counts were too few to allow a meaningful statistical
analysis of the persistence length (compare with Fig. 1f). Fitting with a single exponential decay yields I, =968 nm (blue), 1,620 nm (red) and 3,244 nm
(yellow). The fits start at s =500 nm, because for lower s values the correlation function is distorted by the finite resolution of the AFM images.

¢, Persistence length and pitch of fibrils plotted against fibril cross-section for the populations of fibrils with maximum heights of 2 nm (blue), 4 nm (red),

6 nm (yellow), 8 nm (green) and 10 nm (violet), respectively. d, Distribution of the height difference between the maximum and minimum height along fibrils
with a maximum height of 6 nm. The fluctuation occurring most frequently (4 nm) corresponds to the difference in heights between a vertically and
horizontally absorbed ribbon. Consistently, for fibrils with maximum heights of 8 and 10 nm (not shown), the maximum difference in height is found to be
respectively 6 nm and 8 nm, corresponding again to the difference between vertically and horizontally absorbed ribbons in four and five strands. e, AFM
images and corresponding coarse-grain molecular dynamics reconstructions of left-handed helical fibril formation from the twisting of multistranded ribbons,
with the number of filaments ranging between 1 and 5.

height fluctuation found at 3.9 nm corresponds to the height Finally, the linear relation between the number of filaments in a
difference between a vertically absorbed ribbon (height 6 nm) fibril and its period (Fig. 4c) can also be rationalized by considering
and a horizontally absorbed ribbon (height 2 nm). Identical con-  the balance between the different protein-protein interactions along
clusions can be drawn for fibrils with maximum heights of 8 the axis of the fibril. Although filaments can overcome electrostatic
and 10 nm. repulsion to aggregate into a common ribbon, it can be argued that
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repulsion is responsible for the twisting of the ribbon so as to mini-
mize the total energy of the system. Indeed, two protein layers
arranged consecutively along the axis of the fibril do repel each
other, and the conformation that would minimize such repulsion
would be, if rotations were completely free, with the two layers
oriented at 90° with respect to one another. However, consecutive
layers are not free to rotate, because of the strong interactions
that keep fibrils together. If consecutive layers are tilted with
respect to one another by a small angle 6, proteins in the
outermost filament are sheared with respect to each other at a distance
d=(n—1)(b/2)6, where n is the number of filaments and b is the
distance between the axes of adjacent filaments in a fibril. To keep fila-
ments intact, d must be smaller than a certain threshold d,,, ., beyond
which filaments would break. For a strong enough repulsion we
assume that d~d,_ ., which in turn implies 6~ 2(d,,./b)/(n—1)
(obviously defined for at least two filaments). The period of the
fibril corresponds to a number m of layers such that 6m = 2, and
thus m~ m(b/d,,,)(n—1). The period is then found to be pro-
portional to n—1, again in perfect agreement with experimental
observations (Fig. 4c).

Figure 4e outlines the hierarchical helical structure emerging
from the present study for amyloid-like fibrils. The schematic rep-
resentations from single-filament up to five-stranded twisting-
ribbon helices as reconstructed by coarse-grain molecular dynamics
simulations (see Supplementary Information) are given, together
with the corresponding AFM images. Different projections of the
multistranded helical fibril reconstructions are also available in
separate movies in the Supplementary Information.

In summary, by performing a statistical analysis on single-mol-
ecule AFM images, we were able to demonstrate analogies between
heat-denaturated B-lactoglobulin fibrils and amyloidal fibrils, infer-
ring a general amyloidosis process in both classes of materials.
Cross-section, persistence length and height periodic fluctuations
along the contour length of the fibrils allowed us to establish that
single-filament, double-, triple- and multistranded left-handed
helical aggregates all occur under equilibrium conditions, and that
the most frequently occurring population appears to be the
double-stranded helix. These results were tested against simple
scaling arguments, which also supported the picture emerging
from AFM analysis, and allowed us to determine that the helical
periodicity in these fibrils originates from the twisting of a
ribbon-like cross-section.

These results shine a new light on the structure of amyloidal
protein fibrils. In particular, they show that a strong tendency to
inter-fibril aggregation exists, even for fibrils such as those based
on heat-denaturated 8-lactoglobulin at pH 2, for which a positive
linear charge density as high as +20e per monomer is present.
This suggests that strong repulsive electrostatic forces and low
ionic strength are not sufficient alone to prevent amyloidal aggrega-
tion, and that a strong energetic driving force must exist to promote
aggregation under these conditions. Once aggregation has occurred,
the electrostatic repulsive forces induce a twisting of the observed
ribbon. Possible reasons for the attractive forces leading to aggrega-
tion might arise from the amphotheric nature of the protein fibrils,
in which neutral residues occurring periodically along the contour
length of the fibrils can promote strong attractive ‘hydrophobic’
interactions®’. The occurrence of a ribbon-like cross-section rather
than the more compact close-packing of single filaments may very
well arise from the balance of hydrophobic short-range attraction
and electrostatic long-range repulsion.

Methods

BioPURE-B-lactoglobulin was obtained from Davisco Foods International. The
powder was dialysed and freeze-dried before use, as described in literature®.

A 2 wt% solution was prepared by dissolving the powder in Milli-Q water at room
temperature over at least 1 h. The solution was centrifuged at 10,800g over a period
of 1 hat 20 °C using a Sorvall RC3C Plus centrifuge (DuPont), adjusted to pH 2, and

filtered through a 0.45-pm Millipore filter before heat treatment. Finally, the
solution was distributed in 100-ml flasks, which were hermetically sealed and
placed in a water bath for heating at 90 °C for 5 h. Each flask contained a magnetic
bar to stir the solution during the heating process. After heat treatment, the flasks
were immediately cooled by immersion in ice-water mixtures to quench the
aggregation process. Solutions of 0.1 wt% [-lactoglobulin fibrils were prepared by
dilution using pH 2 Milli-Q water. The final pH was checked once again and
adjusted if needed.

A 10-pl aliquot of 0.1 wt% solution was deposited onto freshly cleaved mica,
incubated for 2 min, rinsed with Milli-Q water and dried by nitrogen. Images used
for the statistical analysis of the fibrils were acquired on dried samples to allow the
highest possible resolution, but complementary experiments in a wet environment
(pH 2) were also carried out to rule out potential artifacts in the preparation method,
confirming the validity of sample preparation. Images were collected using a
Nanoscope IIla (Veeco) operated in tapping mode in air. Images were simply
flattened using the Nanoscope III software, and no further image processing was
carried out. The contour length of fibrils was measured with Ellipse®.
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