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Large size fibrillar bundles of the Alzheimer amyloid f-protein
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Abstract Self-assembly of amyloid fS-protein (Af) and
its deposition into senile plaques are distinctive features of
Alzheimer’s disease. Af forms typical linear aggregates
known as amyloid fibrils, with a diameter of a few tens of
nanometers and a length spanning from hundreds of na-
nometers to micrometers. Fibrils eventually assemble into
large size clusters and precipitate in vivo in the brain
deposits. Here, we study the late stage of aggregation of
ApP(1-40) in vitro at pH 3.1. We characterize the structure
of fibrillar aggregates by a combined use of different
experimental techniques. Small angle light scattering,
heterodyne near field scattering, large angle light scatter-
ing, ultra small angle X-ray scattering and small angle
X-ray scattering measurements have been performed to
highlight the structural features of amyloid bundles over
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several lengthscales, from nanometers to tens of microm-
eters. Phase contrast optical microscopy has been used to
complement scattering measurements and directly visual-
ize some morphological details. We show that elongated
fibrils of Af with a diameter of a few nanometers are
packed into large size compact bundles having a typical
size of tens of micrometers. The linear morphology of
fibrils is reflected in the elongated shape of bundles.

Keywords Amyloid fibrils - Alzheimer - Plaques -
Light scattering - X-ray scattering

Abbreviations
Ap amyloid f-protein
SALS small angle light scattering

HNEFS heterodyne near field scattering
LALS large angle light scattering
SAXS small angle X-ray scattering
USAXS ultra small angle X-ray scattering
Introduction

Alzheimer’s disease is one of the most common causes of
dementia in the elderly (Selkoe 1999). A distinctive feature
of this pathology is the presence in the brain of extracel-
lular insoluble deposits, such as senile plaques, diffuse
plaques and cerebral amyloid angiopathies. The senile, or
neuritic, plaques are mainly spherical structures with a
central core made from the amyloid f-proteins (Af)s
(Iwatsubo et al. 1994), which are also present in the more
abundant diffuse plaques (Muller-Hill and Beyreuther
1989), or in the amyloid angiopathy (Rensink et al. 2003).
Aps are small peptides of 39-42 residues (Glenner and
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Wong 1984), which can assemble into typical linear
aggregates known as amyloid fibrils (Hardy and Selkoe
2002). Similar amyloid fibrils made from different proteins
or peptides are associated with other neurodegenerative
diseases, such as Parkinson and Huntington diseases, and
transmissible spongiform encephalopathy (Lansbury 1999;
Temussi et al. 2003). The onset of Alzheimer’s disease
seems to be primarily related to a synaptic dysfunction
preceding neuronal degeneration, rather than caused by the
amyloid deposits (Terry et al. 1991; Selkoe 2002). How-
ever, the production of Af, and the presence of amyloid
deposits is strictly associated with the disease. The study of
the structural properties of such deposits is therefore of
great interest to improve the methods for non-invasive
diagnosis, which may be available with the recent advances
in neuroimaging (Mathis et al. 2005; Small et al. 2006), as
well as in the detection of pathological biomarkers (Pits-
chke et al. 1998; Georganopoulou et al. 2005).

On a molecular lengthscale, Af can form a variety
of aggregates, which have been observed under different
conditions in vitro. These structures include amyloid fibrils
(Ban et al. 2004), small toxic oligomers (Walsh et al. 1997,
Lambert et al. 1998), spherical amyloid particles (West-
lind-Danielsson and Arnerup 2001; Hoshi et al. 2003),
annular pore-forming structures (Lashuel et al. 2002),
amyloid protofibrils (Harper et al. 1997), beaded chain
protofibrils (Huang et al. 2000), spherocylindrical micelles
(Lomakin et al. 1996; Yong et al. 2002).

In our previous work (Carrotta et al. 2005), we have
studied the mechanism of Af(1-40) fibrillation at pH 3.1.
We have shown that peptides coexist with oligomers with
an average aggregation number of 75 units. Amyloid for-
mation occurs via a non-cooperative coagulation process,
which closely resembles linear colloidal aggregation.
Interestingly, a single activation free energy barrier has
been found to be responsible for the coagulation rate. The
study of Apf(oligomers and of their fibrillation is particu-
larly important since they have been shown to be highly
toxic for embryo development (Carrotta et al. 2006), and
for neuronal activity (Walsh et al. 2002).

In the present work, we study the late stages of Af(1—
40) aggregation at acid pH. Fibrils formed from Af olig-
omers at low pH have the same characteristics as fibrils
formed at physiological pH (Lomakin et al. 1996) and
a high experimental reliability (Carrotta et al. 2005).
Therefore, although acid pH is not a physiological condi-
tion for amyloid deposition, it is of high interest in order to
address the Ap self-organization at the molecular level and
to highlight a fibrillation process which initiates from Apf
oligomers. The morphological properties of aggregates
have been studied by phase contrast microscopy and by
several scattering techniques: Small angle light scattering
(SALS), heterodyne near field [light] scattering (HNFS),
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large angle light scattering (LALS), ultra small angle X-ray
scattering (USAXS) and small angle X-ray scattering
(SAXS). The combined usage of these techniques allows
one to observe the structural features of amyloid aggregates
over several lengthscales, from nanometers to tens of
micrometers.

Microscopy images show large-size aggregates, with an
elongated shape, and suggest that they are built by smaller
filamentous objects, resembling amyloid fibrils. The com-
plex structure suggested by these observations has been
used as a guide for the analysis of scattering data. The
aggregate form factor, obtained by matching all scattering
data, has been analysed by a model of hierarchical form
factors, which encompasses the aggregate morphologies
over all the lengthscales.

In summary, we observed that the elongated amyloid
structures, which form in the early stages (Carrotta et al.
2005), coalesce into larger bundles of fibrils. These bundles
are rather compact aggregates, with a typical size of tens of
micrometers. They are made from cylindrical elongated
objects with a typical length of hundred of nanometers, and
a diameter of about 8 nm.

Here, we are addressing amyloid morphology in one
important particular case, among the variety of structures,
which originates from Af aggregation. The wide range of
lengthscales covered in this work (five orders of magnitude)
is challenging to extend these morphological studies to other
conditions and to correlate these structures with the brain
deposits such as senile plaques and amyloid angiopathy.

Materials and methods
Sample preparation

All chemicals used for preparation of the amyloid f-protein
solutions were of analytical grade. Af(1-40) peptide
(purchased from Anaspec) was pre-treated with trifluoro-
acetic acid as described in a previous work (Carrotta et al.
2005). Peptide solutions were prepared by dissolving in
0.1 M Na-citrate buffer at pH 3.1 the peptide powder ob-
tained from the trifluoroacetic acid treatment. The solution
was filtered with a 0.2-um Millex-LG filter into quartz
cuvettes or glass vials for incubation at the desired tem-
perature. Peptide concentration was 185 pM, i.e. 0.8 mg/
ml. The concentration was determined by measuring
tyrosine absorbance at 276 nm (&7 = 1,390 M em™),
with a Jasco J-530 spectrophotometer.

Photon correlation spectroscopy

The aggregation process of the amyloid f-protein was
monitored by photon correlation spectroscopy, which
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provides the intensity autocorrelation function. The sample
was held in a thermostated bath at 7 = 37°C and moved
for the measure to a thermostated cell compartment
of a Brookhaven Instruments BI-200-SM goniometer,
equipped with a 100 mW Ar laser, tuned at [y = 514.5 nm.
Temperature was controlled within 0.05°C. A Brookhaven
BI-9000 correlator was used to measure simultaneously
scattered light intensity at 90° and its autocorrelation
function, g,(#). Autocorrelation functions were analysed by
using a constrained regularization method (Stepanek 1993),
according to the expression g,(¢f) =1 + ﬁ2 If P(D) exp(—
Dqg’t) dD I, where P(D) is the distribution of the apparent
diffusion coefficients D, f3 is an instrumental factor, g is the
scattering vector g = 47mnglg sin(%/2), with ¥ the observa-
tion angle and ny the medium refractive index. The
z-averaged hydrodynamic radius Ry, has been calculated
from the apparent diffusion coefficient D by assuming the
Stokes—Einstein relation: kg7D™' = 6myR;,, where kg is the
Boltzmann constant, 7 the temperature and 4 the solvent
viscosity (Berne and Pecora 1976).

Large angle light scattering

The experimental set up and procedure described for
photon correlation spectroscopy experiments was also used
for LALS measurements. Multiple angle experiments were
performed in order to determine the scattered intensity /(gq)
at different scattering vectors, covering a range of g from 5
to 30 um™'. The scattered intensity I(g) is given in terms
of Rayleigh ratio R(g) = I(q) / Ior2 ! Vi, where I, is the
intensity of the laser source, V is the scattering volume,
and r is the distance of the detector from the sample.
Absolute values for scattered intensity (Rayleigh ratio R)
have been obtained by normalization with respect to tolu-
ene, whose Rayleigh ratio was taken as 32 X 10° cm™ at
Ao = 514.5 nm.

Small angle light scattering

An SALS experiment has been performed on a sample
incubated for 70 days at T = 37°C, obtained by using the
same sample preparation which has been used for LALS
experiments. The experiment was performed by using an
experimental device built in our laboratory (Bulone et al.
2004; Manno et al. 2006), and equipped with a 30 mW
Melles Griot helium—neon laser and a charge coupled
device Pulnix TM765 camera. Measurable intensities span
a wide dynamical range (from 1.0 to 33105, in arbi-
trary units), thanks to a software integration of multiple
exposure times (1/60-1/10,000 s). After background sub-
traction (performed by home-made software), reliable
measurements could be made over a range of scattering
angles of 0.1°-11° (with a maximum resolution of 0.01°),

corresponding to scattering vector magnitudes of 0.02—
2 pm™'.

Heterodyne near field scattering

Heterodyne near field [Light] scattering experiments have
been performed on a 185 uM Af(1-40) solution incubated
at T = 37°C.

The HNFS is a self-referencing method, in which the
static intense transmitted beam acts as a local oscillator that
amplifies the weak fluctuating scattering signal, leading to
a direct measurement of the scattered field amplitude. With
this innovative technique, the optical setup is really simple
and does not require an accurate alignment. Furthermore,
HNFS allows one, in principle, to access a larger range of
scattering angles with respect to the traditional SALS, and
it does not require a separate measurement of the stray light
pattern (Ferri et al. 2004). The technique is based on the
property that the speckles of the scattered field f(r,t) (where
r is a vector lying on a plane perpendicular to the illumi-
nating beam), measured close enough to the sample, are of
the same size of the scatterers. The presence of the trans-
mitted beam contributes a static background that must be
subtracted in order to recover the fluctuating scattered field.
The subtraction is accomplished by calculating the differ-
ence of(r,;,At) between two frames spaced by a time
interval Ar. A Fourier transform is then required to obtain
the scattered intensity versus the wave vector g (Ferri et al.
2004): I(q) = <IFT{(5f(r,t,A)}1*>;1q = , Where the aver-
ages are over the measurement time and the azimuthal
angle of the wave vector.

The apparatus comprises an He—Ne laser (JDS Uniphase
He-Ne Gas laser 1135P) of wavelength Ay = 632.8 nm
whose beam is spatially filtered and expanded. This large
collimated beam of diameter D = 16 mm illuminates the
sample contained in a circular quartz cell with a 2 mm
optical path. The heterodyne signal, due to the interference
between the transmitted and the scattered light, is collected
by a microscope objective (Edmund Optics 20x, NA =
0.4). The objective relays onto the camera sensor plane
(PixeLink CMOS PLA741 1,280 x 1024 pixels, pixel pitch
6.7 mm, 10 bit) a magnified image of a plane located at
distance z = 9 mm from the cell. The theoretical accessible
range of scattering angles is determined by the objective
numerical aperture and magnification for the upper limit
(~4 pm™), and by the sensor size for the lower limit
(~ 0.022 pm™"). The images, acquired at the rate of 1 Hz,
are analysed after the completion of data acquisition by
home-made software. The choice of At is a crucial point in
analysing these data. In order to assign contributions from
the largest (very slow) aggregates in the fluctuating signal,
At should be set as large as possible. On the other hand, we
observed that low g intensities were heavily affected by the
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presence of slow mechanical instabilities of the apparatus,
which come into play when large At are used. Consistent
results were obtained by using Ar = 1 s for all the samples,
except for the one held for 70 days at 7 =37°C. In
this case, we increased the Ar value to 5 s to avoid the
dampening of the scattered field of slowly diffusing, larger
aggregates. Further, we had to restrict the valid g range to

the interval 1.5-3 pm™".

Small and ultra-small angle X-ray scattering

X-ray scattering experiments have been performed on a
185 uM AS(1-40) solution incubated at T = 67°C for 2 h.

X-ray measurements were performed at the synchrotron
DOUBLE beamline BM26B at the European Synchrotron
Radiation Facilities (ESRF, Grenoble, France; Borsboom
et al. 1998). Experiments were carried out using a mono-
chromatic 12 keV X-ray beam. The H-hutch of BM26
is equipped to perform SAXS, USAXS, as well as Wide
Angle X-ray Scattering (WAXS) experiments. It was de-
signed with a maximum of flexibility that allows one to
study several problems, particularly in the field of polymer
science (Bras 1998). In our experiments, the small and
ultra-small angle scattering images were recorded by
placing a two-dimensional position sensitive detector at
two different sample-to-detector distances, respectively,
1.5 and 8 m. Thus, a large scattering vector range was
covered (5 X 107°-0.35 10\*1). In order to obtain the iso-
tropic USAXS/SAXS intensity profiles, the two-dimen-
sional images were radially averaged around the centre of
the primary beam using FIT2D software (Hammersley
1997). Silver Behenate (for the 1.5 m sample-detector
distance) and rat tail tendon collagen (for the 8 m sample-
detector distance) were used as standards to determine the
centre of the beam and the scattering vector scale. Before
joining the two partial profiles recorded with the two dif-
ferent sample-detector distances, the scattering from the
empty cell was subtracted from the raw data. In order to do
this, each spectrum was at first normalized for the intensity
of the incident beam; then the scattering from the empty
cell was subtracted after correction for transmission dif-
ference between the sample and the empty cell. Such dif-
ference has a certain experimental error, due to the small
gap between the electronic density of the sample and that
of the empty cell. The quality of the data is obviously
affected by this uncertainty at low scattering vectors. At the
end, the two corrected curves were successfully superim-
posed with a good overlap range (0.03-0.06 A,

Optical microscopy

At the end of scattering experiments (after 13 days of
incubation at 37°C and 47 days at room temperature), a
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few drops of solution were put on a glass for imaging with
a phase-contrast Zeiss Axioskop2 plus microscope.

Results and discussion
Late stage of aggregation

The late stage of the aggregation process of the amyloid f3-
protein (1-40) has been studied from 4 h to 70 days at pH
3.1, 37°C, and 185 puM. This is a follow-up of our previous
work (Carrotta et al. 2005), where we studied the early
stages of aggregation kinetics. Under the present experi-
mental conditions, large-mass oligomers made from about
75 peptides are present in the solution since the very
beginning (consistent with other findings under similar
conditions by Lomakin et al. (1996)). In the early stages,
the amyloid fibrillation proceeds via diffusion and coagu-
lation of clusters of different sizes, which assemble into
flexible elongated polymers. It is noteworthy that the same
process operates at different temperatures (at least in the
range 27-67°C) and that the coagulation is controlled by a
single free energy barrier (Carrotta et al. 2005).

In the present work, we extend the duration of kinetics up
to 70 days. By photon correlation spectroscopy we measure
the correlation of the scattered light intensity at a scattering
vector ¢ =23 um™' and analyse the data by using a regu-
larization method with a smoothing constraint, which yields
the distributions of the z-averaged hydrodynamic radii. The
size distributions at four representative times are reported in
Fig. 1. After 4 h of incubation at 37°C a broad size distri-
bution shows the presence of species from 10 to 50 nm
(Fig. 1a), with an apparent average hydrodynamic radius of
about 15 nm, agreeing with our previous work (Carrotta
et al. 2005). In 3 and 13 days the average hydrodynamic
diameter grows to about 50 and 100 nm, respectively
(Fig. 1b, c). This sample was afterwards left at room tem-
perature for 47 days. An interesting broad distribution
clearly evidences heterogeneity and the presence of a pop-
ulation of huge objects with a size larger than micrometers.
However, the effective population of these large species is
strongly underestimated with respect to the other species,
due to the effect of their form factor at ¢ = 23 pm™".

In order to perform scattering measurements at long
incubation times and to get information about larger size
aggregates, we used the HNFS measurements. HNFS is an
innovative technique (Ferri et al. 2004), which does not
require a separate measurement of the background scat-
tering from the solution. Therefore, it allows one to mea-
sure the scattering patterns from a sample over days or
months, and to put them on an absolute scale, at least with
respect to each other. Figure 2 shows the HNFS measure-
ments at different times of 185 pM Af} incubated at 37°C.
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Fig. 1 Distribution function of the hydrodynamic radii at selected
times of a 185 uM A} solution incubated at 37°C. Times elapsed after
incubation: a 4 h, b 3 days, ¢ 13 days. d 60 days (namely, 13 days at
37°C and 47 days at room temperature). Data analysis was performed
as reported in the text

We observe a monotonic increase of the total intensity over
time, while the shape of the structure function has slight
changes. This shows that after a few days, the same
aggregates of microscopic size are already formed and their
number and (likely) their size increase with time.

Structure of amyloid bundles

The morphology of the Af aggregates formed after incu-
bation at 37°C has been observed by phase contrast
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Fig. 2 Heterodyne near field scattering (in terms of normalized
Rayleigh ratio) at selected times of a 185 pM Af solution incubated
at 37°C. Times elapsed after incubation: 7 days (triangles), 18 days
(diamond), 30 days (squares), 70 days (circles)

microscopy. Figure 3 displays some typical aggregates.
They are elongated aggregates with a size larger than tens
of micrometers. The heterogeneity of shapes and sizes is a
clear result of a kinetic coagulation process. Their fila-
mentous appearance suggests that they originate from al-
ready formed fibrils.

In Fig. 3, we note smaller aggregates with a size of a
few micrometers. They seem to have a quite spherical
shape, but the resolution of the images does not allow us to
establish if they have the same morphological features of
the larger objects. Also note that the size of the aggregates
of Fig. 3 has larger values with respect to the hydrody-
namic radii of Fig. 1. This is likely due to the difference in
the thermal history of the two samples.

In order to get more quantitative, and statistically sig-
nificant, information about the structural properties of such
aggregates, we used several scattering techniques on the
same 185 pM sample incubated for 70 days at 37°C. Fig-
ure 4 shows the structure function measured by SALS,
HNFS, and LALS. The absolute scale of LALS has been
determined by toluene calibration that of SALS and HNFS
by matching the shape of scattering profiles with LALS
data. In Fig. 4, we observe a power-law dependence in the
range of scattering vectors between few micrometers and
tens of nanometers. This is typical of aggregates having a
radius of gyration r;, of tens of micrometers, consistent with
microscopy images, which are made from smaller units
with a size r;, of tens of nanometers. The scattering data of
Fig. 4 are plotted in terms of the normalized Rayleigh ratio
R(g) (KcMo)_l, where ¢ and M, are respectively the peptide
mass concentration and molecular mass, and K is an
instrumental factor: K = 4mi® (dii/de)’ 25" Ni!, where i is
the medium refractive index, /o is the incident wavelength,
and N, is the Avogadro’s number (Berne and Pecora
1976). The scattering profile is therefore related to the form
factor of the amyloid bundles Py(g) of mass My, and
z-averaged aggregation number n, = My/M:

R(g) _
KCM()

n;Py(q). (1)

We fit the data by using a general function developed to
model fractal aggregates with fractal dimension d, radius of
gyration r, and mass My, made from smaller objects of size
1y and mass M, (Nicolai et al. 1996):

Sa(g;ro,rv)
1 n,— 1 sin( (d — 1)atan(&q) )
o b T (d—1)<q @

[1 + (fq)z}

where & = rp/d(d + 1 )/2)0'5 is the correlation length, and
ny = My/Myis the number of units which are assembled in
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Fig. 3 Phase contrast
microscopy images of a 185 M
A3 solution after incubation for
13 days at 37°C and 47 days
more at room temperature
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Fig. 4 Scattered intensity (in terms of Rayleigh ratio) of a 185 M
A solution incubated at 37°C for 70 days. Different symbols refer
to different techniques: circles large angle light scattering (LALS);
diamonds heterodyne near field scattering (HNFES); squares small
angle light scattering (SALS). The line is the data best fit according to
expressions 1-3. In the inset: Distribution function Bg;.g2(rv,Rp) of
the radii of gyration of the bundles (see expression 2)
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one aggregate:n, = 1 + I'(d + 1) ( 5/rf)d, where I'(x) is the
Gamma function. Here, we fit the data of Fig. 4 by
allowing a polydispersity in the radii of gyration r,,, and by
using a bimodal distribution function Bgrj go(75,R,) With
average R,:

Py(q) = /BR1,R2(rb;Rb) Sa(q;rp,1a) dry (3)
R, — R Ry — R,
B ‘Ry) =—=6(r, — R o(r, — R
w182 (753 Ry) R —R, (rp — Ry) +R1 "R (rp — Ra)

By using eqgs. 1-3, we obtained the following best-fit
parameters: Ry =43 pm, R, = 10 um, Ry, = 42.4 pm, r;=
31.5nm,d = 2.8,n, = 18 x 10°.

Expression 3 is very general. Indeed, it introduces a very
minimalistic model for the structure of the aggregates.
From this expression, we can obtain only three parameters:
the size of aggregates, the size of the constituent units, and
the fractal dimension, which is essentially a measure of the
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packing of the small units into the large aggregates. In the
present case, the value of d = 2.8 very close to 3 suggests
that aggregates are rather compact objects (Manno et al.
2007). The size of such aggregates is of the order of tens of
micrometers, and it is therefore consistent with the objects
observed in microscopy images. As we shall see, the
characteristic size of the building blocks of such aggregates
(r¢ = 31.5 nm) is consistent with that of amyloid fibrils.

Structure of amyloid fibrils

The structure of the fibrils which eventually assemble into
bundles has been studied on a smaller length scale by X-ray
scattering. Amyloid fibrils and aggregates have been pre-
pared by incubating a 185 pM Af; solution at 67°C for 2 h.
As shown in our previous work (Carrotta et al. 2005), this
is equivalent to an incubation at 37°C for a few days.
Afterwards, the sample has been quenched to 5°C and used
for both SAXS and USAXS experiments. In Fig. 5, X-ray
data are shown together with LALS data obtained after
3 days of incubation at 37°C. The X-ray intensity is scaled
accordingly to the absolute scale of LALS data, although
there is a gap between LALS and USAXS data. The scat-
tering profile is related to the form factor of the amyloid
fibrils Pg(q) of mass My, and z-averaged aggregation num-
ber ny = My/My:

q)
= n¢ePs . 4
o= mPi(q) )
103: T T T
O LALS
_10°F E
i=J
=
Q
¥
~
S o'k T E
~ % 04l
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Fig. 5 Scattered intensity (in terms of normalized Rayleigh ratio) of
a 185 uM Ap solution incubated at 67°C for 2 h (X-ray data) or at
37°C for 3 days (LALS data). Different symbols refer to different
techniques: circles large angle light scattering (LALS); diamonds
ultra-small angle X-ray scattering (USAXS); squares small angle
X-ray scattering (SAXS). The line is the data best fit according to
expressions 4—6. In the inser: Distribution function Wy(r.R.) of the
radii of cylinder (see expression 6)

The data can be fit by using the form factor of a cylinder
of radius r., and height A, (Pedersen 1997):

n/2

2j i 1 2
PC(CI;”c,hc):/ {Mjo<—thcosa>} sin o dot
qresina 2

(5)

where j, and j; are respectively the spherical Bessel
function of first kind of order 0 and 1: jy(x) = sin(x)/x,
Jjix) = sin(x)/x2 — cos(x)/x. As for light scattering data, we
fit the data of Fig. 5 by allowing a polydispersity in the
radius r. of the cylinder, and by using a Weibull
distribution function Wy(r.;R.) with average R, (Pedersen
1993). Also, we add a baseline B to take into account the
molecular details on the Angstréim lengthscale, which are
not resolved by our data.

Pila) =5 (1 = B) [ WiriR) Plginesh) e+ B (0

Wy (re; Re) = b[lwrrfl exp (— {WT)

R.

The fit does not take into account the decrease of the
structure function at low scattering vectors, which is an
artefact due to a not perfect background subtraction.

By using Egs. 4-6, we obtained the following best-fit
parameters: R, = 3.8 nm, i, = 133 nm, b =6.25, B=0.0045,
ng=440. For a rigid cylinder the radius of gyration 7, is
related to the height and radius, through the relation: ré =h/
12 + Rf /2. Thus, we obtain 7, = 38.5 nm.

The parameter b is a measure of radii polydispersity.
Equivalently, it may be read as an effect of a cylindrical
eccentricity. Indeed, a fit of comparable quality is obtained
by using the form factor of a rigid cylinder with an ellip-
tical cross section (data not shown). Interestingly, the
values of the axes obtained from the fitting (5 and 13 nm)
are consistent with the size of the spherocylindrical mi-
celles observed on AfS(1-40) under similar conditions by
Yong et al. (2002).

Structure of amyloid bundles of fibrils

The range of scattering vectors in the X-ray measurements
is focused on the nanometer scale. Thus, we can study the
structure of amyloid fibrils without considering if they are
free in solution or already assembled into bundles. Indeed,
the parameters obtained by fitting the data of Fig. 5 are
really reliable only when related to the nanometer scale.
In particular, the radius R. is well determined by the
change in the slope of X-ray scattering data, while the
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height h. and the aggregation number sy are less robust
parameters, since they are obtained by matching LALS
and SAXS data.

With this warning, we try now to match the light scat-
tering data of Fig. 4, obtained upon incubation at 37°C for
70 days, with the X-ray scattering data of Fig. 5. As we
just remarked, this is reasonable, since the structural
properties of the aggregates larger than nanometers are
transparent to X-ray. On the other hand, the structural de-
tails on the nanometer scale are not resolved by light
scattering data. In Fig. 6, we show the data obtained by all
the scattering techniques. The data can be fit by assuming a
model of hierarchical form factors (Pedersen 1997; Manno
et al. 2007). We first calculate the form factor of amyloid
fibrils Pi(g), and then we calculate the form factor of
amyloid bundles assuming that their constituent units are
the fibrils itself. The overall form factor of aggregates is
obtained by the product of the two form factors. Data are fit
by expression:

R(q)
KCM()

= myPy(q) nePr(q) (7)

where the symbols have the same meaning defined above
in the text and in expressions 2, 3, 5, and 6. The best-fit
parameters have the same values of previous fitting,
except of course for the fibril aggregation number n,
and the fibril height &, for the reasons discussed above.
In the present case, we have ny = n,/n, = 142 and h, =
109 nm, which corresponds to a radius of gyration
re = 31.5 nm This value is equivalent to the size of the

R(@) / (KeM)

g [um’]

Fig. 6 Scattered intensity (in terms of normalized Rayleigh ratio) of
a 185 uM Ap solution incubated at 67°C for 2 h (X-ray data) or at
37°C for 70 days (light data). Different symbols refer to different
techniques: white circles, large angle light scattering (SALS); white
diamonds heterodyne near field scattering (HNFES); white circles large
angle light scattering (LALS); grey diamonds ultra-small angle X-ray
scattering (USAXS); grey squares small angle X-ray scattering
(SAXS). The line is the data best fit according to expressions 2, 3, 5-7

@ Springer

building block of the bundles (r; = r; ), as seen in
expressions 1-3. Actually, the same parameter was used
for fitting.

It is remarkable that the X-ray scattering data may be
matched with light scattering data collected both after
3 days and after 70 days of incubation. In other words, the
same cylindrical morphology observed on the nanometer
lengthscale can be fit in the structure of freely diffusing
fibrils (Fig. 5), as well as in the more complex and larger
structure of fibrillar bundles (Fig. 6).

Conclusions

In the present work, we have studied the supramolecular
aggregates of the amyloid f-protein (1-40), which is re-
lated to Alzheimer’s disease. Under the studied conditions
(pH 3.1) Af large mass oligomers assemble into elongated
amyloid fibrils via a diffusion—coalescence mechanism,
which is controlled by a single activation barrier (Carrotta
et al. 2005). Here, we extended the observations to the late
stage of the aggregation process when larger aggregates are
formed (Figs. 1, 2, 3).

Experiments have been performed with several scatter-
ing techniques: SALS, HNFS, LALS, USAXS, and SAXS.
The usage of these methods allowed us to study the mor-
phological properties of aggregates over several length-
scales from nanometers to tens of micrometers that is
spanning five orders of magnitude.

The amyloid fibrils, formed after a few days of incu-
bation, are rather cylindrical objects with an average
diameter of 7.6 nm and a length of more than a hundred
nanometers (Fig. 5). After a few months of incubation at
37°C, the fibrils are assembled into large size bundles
(Fig. 3). Such bundles keep an elongated shape, which is
likely given by their fibrillar constituents. They have a
typical size of a few tens of micrometers and are obtained
by a compact packing of objects with an average size of
tens of nanometers (Fig. 4).

We have proposed a consistent explanation of the
morphological properties of amyloid bundles of fibrils, by
fitting the scattering data with a hierarchical form factor
(Egs. 2, 3, 5-7). This model allows one to understand the
main structural features of amyloid bundles, by encom-
passing all the lengthscales involved, from the large bun-
dles to their fibrillar constituent (Fig. 6). It would be of
great interest to extend such study to other conditions and
to compare these results with the in vivo observations of
amyloid deposits, such as senile plaques or cerebral amy-
loid angiopathy.
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