











Molecular Assembly of AB1-42,,,

FIGURE 1. EM analysis of AB1-42,1, AB1-42,,,, and A31-42,,x. EM micrographs of 100 um AB1-42,; (panels A and D), AB1-42,, (panels Band E), and
AB1-42,,x (panels Cand F) incubated in 50 mm phosphate buffer, pH 7.4, for 24 h at 4 °C. The inset in panel E shows a detail of the micrograph at high resolution.
The red arrows point to annular structures formed by AB1-42,,, showing a neoformed extension as an indication of oligomerization process progression. The

micrographs are representative of a minimum of 10 different areas.

nm. This indicates a much lower propensity to oligomeriza-
tion for the AB1-42,,;x than for AB1-42,+ or AB1-42,,
(Fig. 24, Table 1).

The same samples were also analyzed to determine oligomer
height distribution (Fig. 2, B—D, and Table 1). As reported in
Table 1, the means of the oligomer heights were similar for all
samples. However, as reported in Figs. 2, B—D, it can be noticed
that the main peak of the frequency distribution is sharper for
AB1-42y,, assemblies (90% =1 nm in heights).

Fluorescence Spectral Characterization of AB Oligomer
Conformation—All oligomeric preparations were examined for
their pattern of exposure of hydrophobic and hydrophilic resi-
dues using an ANS assay. This dye enables the orientation of
aromatic side chains or the definition of formation and disrup-
tion of organized hydrophobic patches and clefts to be defined.
It is well known that the binding of ANS to the exposed hydro-
phobic clusters of a protein results in both an increased inten-
sity of the fluorescence emission of the dye and a blue shift in
the maximum emission wavelength. Significant differences in
fluorescence emission was only seen between AfB1—42,. and
AB1-42,,, asanindication of the presence of more hydropho-
bic residues on the external surface of AB1-42,,,, (Fig. 3, A and
B). Moreover, Af1-42,,, showed a shift in its maximum emis-
sion wavelength from ~500 nm (referred to AB1-42. ) to
~491 nm (Fig. 3C).

The same samples were then tested for the presence of solu-
ble oligomeric forms with a a-helical or random coil/mixed
conformers by Bis-ANS assay (Fig. 3A4). This probe does not
emit fluorescence in the presence of fibrillar structures. A1-
42 , ,\, produced a significantly higher fluorescence signal than
AB1-42y,1 or AB1-42,,, indicating a greater amount of
oligomeric assemblies conformers with a a-helical or random
coil/mixed. It is important to note that the co-incubation of
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AB1-42y,+ and AB1-42,,, led to molecular assemblies
closely resembling those of AB1-42,;. We also determined
the absence of fibrillar assemblies in all three experimental
groups using the classical thioflavin T assay (data not shown).
As confirmatory information, a CD technique was used to
determine the secondary structure of A oligomers. CD spectra
of AB1-42, 1, AB1-42,,,, and AB1-42,,x oligomeric solu-
tions did not show significant differences, and they evidenced a
predominant random-coil conformation with a negative peak
in the signal around 195-197 nm (Fig. 4).

Short-time Kinetics of AR Assembly Determined via Laser
Light Scattering—The initial stages of aggregation of A3 pep-
tides were also followed by SLS and DLS measurements. The
change in molecular assemblies in 100 uM peptide solutions
kept at 22 °C was followed for 24 h.

Because the scattered intensity is proportional to the square
of the particle mass, this technique is sensitive to the presence
of preformed seeds with high molecular weight. If non-negligi-
ble in number, the contribution of seeds to the total scattered
intensity dominates and hides the contribution of the small
particles. In our case, immediately after the switching proce-
dure, the initial states of AB1-42 peptides were distinctly
monomeric, allowing the first steps of aggregation to be fol-
lowed. Experimental results are shown in Figs. 5 and 6 report-
ing, respectively, SLS and DLS observations.

For all AB1-42 species, aggregation started immediately in
solutions, leading to the rapid formation of oligomers in coex-
istence with a population of monomers with average hydrody-
namic radii of 2—-3 nm. In fact, looking at Fig. 6 one can appre-
ciate that the size distribution, mainly monomeric at the
beginning (0.1 h), has evolved to include a population of oligo-
mers after 3 h. The oligomeric aggregates were slightly different
in size, being larger for AB1-42, (about 35 nm) than for
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FIGURE 2. Diameters and heights of AB1-42,,;, AB1-42,,,, and AB1-
42,,x- SPIP analysis of AB1-42,,r, AB1-42,,,,and AB1-42,, oligomers was
observed by AFM. A, oligomer diameter distribution reported as a cumulative
frequency graph; B-D, oligomer heights of AB1-42,,1 (B), AB1-42,,, (C), and
AB1-42,,x (D) reported as a frequency distribution graph.

AB1-42,,,x and AB1-42,,, (average hydrodynamic radius of
25 nm). Moreover, although the earliest kinetics of oligomer
formation and their initial size distribution were quite similar
for the three peptides, remarkable differences were observed in
the following 24 h. During the 24-h time-course, the aggrega-
tion of AB1-42\, and AB1-42,,y was characterized by a
two-step process: (i) the prompt formation of early oligomers
and (ii) a delayed slower aggregation, starting after a time lag of
several hours (~6 h), as shown in panel B of Fig. 5. The fitting
curves for the second aggregation step, also shown in Fig. 5B,
were obtained by I(£) = I, (1 — e *7), where I, is the
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asymptotic value of the scattered intensity, and 7 is the charac-
teristic time. AB1-42,,,¢ displayed a slightly longer lag time
(tyrrx = 8.6 h) with respect to AB1-42 1 (tyr = 6.7 h) and a
slower characteristic time (7w = 1.7 h, T;x = 3 h). This indi-
cates that the aggregation process proceeded more slowly for
the AB1-42,,,x. Moreover the asymptotic intensity value I, .,
is lower for the AB1-42, .« (Fig. 5C). The increase in scattered
intensity for both solutions could not be attributed to a simple
increase in the number of oligomers because the average hydro-
dynamic radius of particles also migrated toward larger values.
Monomers are progressively hidden by the overwhelming scat-
tered intensity contributed by oligomers. In fact, they progres-
sively increased in number over 24 h. This is shown in Fig. 6
where the size distribution after 24 h is reported. Notably, at
this interval of time, all oligomeric species were still soluble.

Reversely, in the AB1-42, ., solution, the oligomer popula-
tion readily appeared just after dissolution as shown in Fig. 6,
where the initial distribution (0.1 h) reveals the presence of a
small fraction of aggregates. All over, AB1-42 .., follows a dif-
ferent path for aggregation as compared with AB1-42, and
AB1-42,,x. In fact, after <2 h, an additional population
appeared with a much larger size, as readily revealed by SLS,
showing a huge spike in the scattered intensity as reported in
panel A of Fig. 5. The sudden rise in intensity is connected to
the formation of fibrils, very few in numbers and tending to
precipitate and adhere to cell walls. Meanwhile, oligomeric spe-
cies were also still present as the majority. Their time evolution
was difficult to follow; nonetheless they preserved their solubil-
ity even after 24 h as seen in Fig. 6. The mutated peptide
sequence had an intrinsic tendency to form rapidly structured
oligomers.

Small Angle X-ray Scattering: Structural Elucidation of
ABI1-42 Aggregates—To obtain information on the structure of
AB1-42 aggregates on a local scale, we performed small angle
x-ray scattering measurements just after switching and after 3h
at 22 °C. This late peptide solution displays an oligomer com-
position similar to that found after 24 h at 4°C (data not
shown). Fig. 7 reports the SAXS intensity spectra obtained at
0.1- and 3-h delays in the momentum transfer range 0.017
nm~ ' =< g = 4.65 nm™ " for the three peptides.

In the high g-region, the spectra of the three different sys-
tems are superimposable and can be fitted with the form factor
of very small nuclei of condensation of about 1.3 nm in size. The
size of small particles is compatible with the presence of
AB1-42 monomers in all samples at both delays.

In the low-g region, the short-delay spectra can be fitted with
the form factor of rod-like structures, as usually found for poly-
mers and peptides, for the three peptides. This may indicate the
onset of self-assembly of monomers up to a persistence length
of tens of nm in agreement with laser light scattering measure-
ments. The spectra collected 3 h later indicate that, besides
monomers, more structured forms are present in solutions at
that delay. In the case of AB1-42,,,, SAXS spectrum, the char-
acteristic slope of a packed polymer network (g~ ') (44) indi-
cates that the AB1-42,,. aggregates are not compact globular
or rod-like structures but rather look like disperse assembly of
particles with branched-type features. After 3 h, AB1-42
and AB1-42,,,x also showed connected structures, which did
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TABLE 1
Diameters and heights of AB1-42,,1, AB1-42,,,, and AB1-42,,,

The table shows the outcome of SPIP analysis of 100 uM peptide solutions in 50 mMm phosphate buffer and incubated at 4 °C for 24 h. Statistical analysis among the groups
was done with one-way analysis of variance followed by Tukey’s multiple comparisons test. SPIP analysis was done on a minimum of five different areas. NS, not significant.

AP1-42y,,

AB1-42,,,

AB1-42,,x Statistical analysis

Diameter (nm) 21.43 = 18.19

Height (nm) 0.58 = 0.33

25.58 + 23.37

0.62 = 0.31

Mean *= S.D.

18.23 = 8.34 WT vs. A2V*
WT vs. MIX*
A2V vs. MIX*
WT vs. A2V?
WT vs. MIX*
A2V vs. MIX?

0.65 = 0.30

“p < 0.0001.
> NS, not shown.

not recruit all the material, as can be inferred by the milder
slopes of the intensity decays reported in Fig. 7. Notably,
AB1-42,,x displayed the lowest degree of supramolecular
complexation.

DISCUSSION

A673V mutation differs from other genetic alterations in the
amyloid precursor protein sequence because of its recessive
inheritance traits. An A673V homozygous carrier presented
with early onset dementia characterized by an aggressive cor-
tico-subcortical atrophy and subcortical white matter changes
(45). Distinctive neuropathological features were the morphol-
ogy, composition, and topology of AB deposits, which were of
large size, mostly perivascular, and exhibited a complete corre-
spondence between the pattern elicited by amyloid staining and
the labeling obtained with anti A antibodies (46). The amyloid
deposits were predominantly composed by AB1-40 and were
also abundant in the cerebellum, at variance with sporadic AD
(46). The A673V mutation enhances A3 production and signif-
icantly increases the fibrillogenic properties of AB. However,
the interaction of AB1-42,- and AB1-42,,,-mutated pep-
tides inhibits A folding (45, 47). These findings are consistent
with the observation that the A673V heterozygous carriers do
not develop the disease and offer grounds for the development
of a novel therapy for sporadic AD based on modified peptides
homologous to residues 1-6 of A carrying the A2V substitu-
tion (47). The strength of this approach, as compared with
strategies based on purely theoretical grounds or large screen-
ing strategies, is that the A2V A variant occurs in humans and
prevents the development of disease when present in the
heterozygous state (47).

We focused our interests on the molecular assembly of
AB1-42 peptides to understand the biochemical reasons of the
influence of A673V mutation in AB1-42 folding, the higher
toxicity, and the protective effect seen in the heterozygous
state. We investigated the early stages of the A folding process
after the formation of oligomeric structures, which are consid-
ered key toxic species in the onset and progression of AD
pathogenesis.

We report here a qualitative and quantitative analysis of AB
oligomer formation by AB1-42,, AB1-42,,,, and AB1-
42, x to unveil the features of different oligomer populations
formed over time. Morphological structural analysis of AB1-
42 .,y revealed the prevalent formation of annular structures.
Lashuel et al. (13) showed that mutant amyloid proteins asso-
ciated with familial AD (Arctic mutation) and familial Parkin-
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son disease (a-synuclein mutants A53T and A30P) form
morphologically indistinguishable annular assemblies that
resemble a class of pore-forming bacterial toxins, suggesting
that inappropriate membrane permeabilization might be the
cause of cell dysfunction and even cell death in amyloid diseases
(13). Under our experimental conditions, the oligomers formed
by the AB1-42,,, also showed the presence of annular struc-
tures as deduced by the presence of uranyl acetate solution in
the sample analyzed by EM. In fact, unlike AB1-42.1, AB1-
42, formed annular structures wrapped around a wettable
trapping central spot. This suggests that the hydrophilic resi-
dues of AB1-42,,,, may be preferentially located in the center,
with a corresponding disposition of the hydrophobic residues
on the external rim or on the top and bottom sides of the annu-
lus. These structures were almost absent in the case of AB1-
42+ where globulomers were the most abundant population.
The co-incubation of AB1-42,and AB1-42,,,, produced an
intermediate morphological condition consisting of both
globulomers and annular structures. Interestingly, AFM char-
acterization of AB1-42,,, assemblies showed the presence of
oligomers with a smaller average size, suggesting that AB1-
42,x has a much lower propensity to oligomerization than
AB1-42\,; or AB1-42,,, alone.

Kinetic comparison between AB1-42,,,, and AB1-42,
showed that the former proceeded along a different pathway of
structured oligomer formation. The key role was played by the
first step, which was the formation of early assemblies that led
to the formation of AB assemblies after a very efficient dock-
and-lock mechanism (48 —50).

When comparing AB1-42,,x with AB1-42,,, results
showed that the route leading to the formation of oligomers in
AB1-42y,1, characterized by the formation of “early” oligo-
mers, followed by a slow additional aggregation was dissimilar
to the one observed in the case of AB1-42,,, where the second
process of aggregation was less extensive and even slower. This
was confirmed by LLS analysis of AB1-42,,« that had a slightly
longer lag time (ty;x = 8.6 h) with respect to AB1-42, 1
(tyr = 6.7 h) and a slower characteristic time (T = 1.7 h
versus Ty = 3 h).

Spectral analysis by fluorescence probes showed that A1—
42,x assemblies closely resembled to those of AB1-42y,
(Bis-ANS assay) with an intermediary exposure of hydrophobic
residues (ANS assay). AB1-42,,,, oligomers were character-
ized by the maximum hydrophobicity, confirming the existence
of a hydrophilic core and an increase of the hydrophobic resi-
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FIGURE 3. Binding of fluorescent hydroscopic probes. A, binding of fluo-
rescent hydrophobic probes ANS (/left) and Bis-ANS (right) to AB1-42,,, AB1-
42,5y, and AB1-42,,x assemblies. AB1-42 oligomers were prepared after
incubation of 100 um concentrations of peptides in phosphate buffer at 4 °C
for 24 h. Peptide oligomers were added to a solution containing 25 um ANS or
Bis-ANS, and the fluorescence intensities were immediately recorded using
excitation and emission wavelengths of 386 and 490 nm, respectively. Error
bars are the means = S.E. for three or four samples. Statistical analysis among
the groups was done with the one-way analysis of variance followed by
Tukey’s multiple comparisons test (¥, p < 0.05; **, p < 0.01). AUF, arbitrary unit
of fluorescence. B, concentration dependence of ANS binding to A peptides.
Normalized ratio between the total area under the fluorescence emission
spectra of ANS in the presence (F — F,) and absence (F,) of AB1-42 oligomers.
The lines represent the best-fitting curve of AB1-42 (red), AB1-42,,,
(blue), and AB1-42,, (green) data. C, ANS fluorescence emission spectra of
phosphate buffer (gray), AB1-42,; (red), AB1-42,,y (blue), and AB1-42,x
(green) assembilies. Oligomer samples were added to a solution containing
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FIGURE 4. CD analysis of AB1-42,,;, AB1-42,,,, and AB1-42,,,,. Oligo-
mers were prepared after incubation of 100 um AB1-42 peptides in 50 mm
phosphate solution, pH 7.4, at 4 °C for 24 h. Then peptide solutions were
diluted to final concentrations of 25 um in the same buffer and analyzed. All
measurements were performed at 4 °C, and 5 accumulations were used. CD
spectra were expressed as mean molar ellipticity (P).

dues on the external surface, as detected by ANS assay. To this
regard, Mannini et al. (51, 52) reported that the exposure of
hydrophobic residues on the surface of aberrant protein oligo-
mers increases the toxicity of oligomeric structures, enabling a
major interaction with cell membranes.

In terms of local structural organization SAXS analysis indi-
cated that, as expected for a point mutation, the individual
structural unit is the same for the three peptides. Nonetheless,
their spatial arrangement in the structured oligomers was dif-
ferent. The transition from rod-like to more structured aggre-
gates was more extensive and prompts in AB1-42,,, and
clearly occurred via the formation of interconnected networks.
The AB1-42,,« resulted in aggregates with the lowest degree
of supramolecular complexation with respect to AB1-42,
and AP1-42,,,, suggesting a negative interference in the
supramolecular organization.

In conclusion, we demonstrated that the A2V mutation is
able to promote a peculiar oligomerization process pathway of
AB1-42 that leads to the formation of annular structures with
a higher hydrophobicity profile and, hence, toxicity as also
observed in an in vivo model (53). When the heterozygous con-
dition was reproduced, the aggregation effect of the A2V muta-
tion was lost, confirming that its effect is present only when in
homozygosity one. Interestingly, AB1—42,,,x not only was less
prone to aggregate when compared with mutated alone, but
also it produced smaller aggregates when compared with the
wild type sequence as well. This suggests that the mutation in
the heterozygous state is able to hinder the aggregation process
and generates unstable structures. This is in good agreement
with our previous observations showing that aggregates formed
by an equimolar mixture of AB1-42, and AB1-42,,, were
far more unstable than those generated by either AB1-42y,; or
AB1-42,,, (45). This is most likely the biochemical basis of the

100 um ANS, and the fluorescence intensities were immediately recorded
using excitation and emission wavelengths of 386 and 400-600 nm, respec-
tively. The spectra are representative of three to four samples. The black arrow
indicates the blue shift in the maximum emission wavelength.
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FIGURE 5. Kinetics of formation of aggregates of AB1-42 peptides as determined by SLS. A, a huge spike dominates the time evolution of the intensity
scattered by AB1-42,,, at ~1.5 h from switching, well before the onset of the delayed slow aggregation regime found for AB1-42,,x and AB1-42,,, also
reported for comparison. a.u., absorbance units. B, time evolution of the light intensity scattered by different AB solutions after 6 h from dissolution. Curves are
arbitrarily shifted vertically for better visibility. Colors identify AB1-42,,; (red), AB1-42,,, (blue), and AB1-42,, (green). This behavior was observed after a
time lag from switching and is indicative of delayed slow aggregation. Delay is slightly longer for AB1-42,,« (t\ux = 8.6 h) than for AB1-42,,; (t,; = 6.7 h). Lines

are the corresponding exponential fits, /() = lg,5 (1

— e 7, where I, is the asymptotic scattered intensity, also reported in panel C together with the starting

values. Fitting curves could be determined only for AB1-42,,r and AB1-42,,x, with characteristic times 7, = 1.7 h and 7,x = 3 h. A dashed line in panel B
marks the average scattered intensity of AB1-42,,, in this time interval, showing a different behavior.

FIGURE 6. Size distribution of aggregates of AB1-42 peptides as deter-
mined by DLS. Volume-weighted size distributions of aggregates of AB1-42
peptides at three different delays from switching, namely, 0.1, 3, and 24 h.
Colors identify AB1-42,,; (red), AB1-42,,,, (blue), and AB1-42,, (green).
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FIGURE 7. Small angle x-ray scattering studies of Af31-42. SAXS intensity
spectra in the log-log scale of AB1-42; (left panel) AB1-42,,, (central
panel), and AB1-42,, (right panel) at two different delays: 0.1 h (colored), 3 h
(black). Linear slopes correspond to different g~ ° intensity decays. For AB1-
42,y the slope q~ ' is characteristic for a network of connected polymers.

a.u., absorbance units.
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protective effect shown by the A673V mutation in the heterozy-
gous carrier.

The second remarkable point evidenced in this work was the
critical role played by the N-terminal region in the A3 molec-
ular assembly. In fact, in the homozygous condition the A2V
mutation led to aggregation while on the other hand in the
heterozygous state the evolution and kinetics of the aggregation
process was hindered. This latter phenomenon was driven by
the AB1-42,,,, peptide difficulty in forming stable intermolec-
ular interactions with the wild type sequence.
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