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ABSTRACT: Amyloid oligomers represent the primary
pathological species for neurodegenerative diseases such as
Alzheimer’s and Parkinson’s diseases. Toxic oligomers are
formed by many different proteins and peptides, but their
polydispersity makes them highly dynamic and heterogeneous.
One way to stabilize these structures is to prepare constrained
peptides that can be used to study amyloid intermediates, to
identify oligomer-specific drugs, and to generate conforma-
tional antibodies. These conformational antibodies have
demonstrated that oligomers share a common epitope. In
this research, we used a 40-amino acid unstructured segment of prion protein (Prp) 109−148 with substitutions of methionine
for glycine (Prp-G) residues to prepare a stable and homogeneous population of β-sheet oligomer mimics. These structures were
characterized by multiple biophysical and biochemical techniques that show characteristic features of oligomers. Finally, this
preparation was not detected by three different sequence dependent prion antibodies.
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Of the protein misfolding pathologies, amyloid diseases are
the most clinically relevant due to their high prevalence

in the population, the most notable being Alzheimer’s and
Parkinson’s diseases. For many years, it was assumed that
fibrillar Aβ amyloid plaques were responsible for most of the
neurodegenerative changes in AD.1 However, neuronal loss
correlates poorly with the distribution and amount of Aβ in the
form of plaques.2−4 In addition, some transgenic animals
display cognitive deficits prior to the onset of Aβ plaque
accumulation.5,6 Dementia correlates better with soluble Aβ
levels than with insoluble, fibrillar deposits,7,8 suggesting that
oligomeric forms of Aβ may represent the primary toxic species
in AD. Indeed, soluble oligomers have been implicated as
primary causative agents in many different degenerative
diseases where the accumulation of large fibrillar deposits
may be either inert or protective.9

A key issue in the investigation of amyloid structures is the
description of both the growth mechanism from monomeric
precursors and the structural features of toxic oligomers.
However, the intrinsically disordered nature of these assemblies
makes it very difficult to get solid data on their structural
features. Our approach achieved stabilization of these structures
by preparing conformationally constrained peptides and using
them to generate different epitopes that are common to β-sheet
oligomer conformation. Antioligomer antibodies have provided
a more rational means of classifying these structures based on
their underlying structural organization rather than on

differences in size or sample preparation.10−13 However, it is
well described that these two peptides share many features,14,15

and perhaps the generation of amyloid peptides with higher
sequence variability can generate antibodies that recognize
novel epitopes common to amyloid oligomers.

■ RESULTS AND DISCUSSION
We used a peptide that includes 109−148 amino acids from
human prion protein (hPrp) and substituted M for G residues.
These substitutions were made to avoid disulfide bonds in
oligomer mimic preparations. This mutant peptide was called
Prp-G. Then we used CSSP2 to predict amyloidogenic regions
that are indicated in boxes. This software predicted the loss of
the GSAMS amyloid region in mutant peptide16 (Figure 1) .
Then, we covalently coupled this peptide to colloidal gold
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Figure 1. Alignment of hPrp wild-type and mutant peptide made with
ClustalW.17 Amino acid characteristics are designated by color, with
acidic in blue, basic in purple, small and hydrophobic in red, and
hydroxyl, histidine, and glycine in green. Asterisks indicate positions
which have a single, fully conserved residue. Regions indicated in boxes
are predicted as stretches more prone to aggregate by CSSP2 software.
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nanoparticles with an average diameter of 5.3 nm. Coupling was
done via carboxy terminal thiol according to the protocol
described to prepare mimic.12

In order to characterize the conformation of Prp mimic, we
measured the fluorescence emitted by Thioflavin T (ThT) and
Bis-ANS using Aβ40 fibrils and oligomers as controls in both
assays (Figure 2a and b, respectively). ThT fluorescence assay
has been widely used to characterize the kinetics of fibril
formation. This probe exhibits an increase in fluorescence
intensity at 490 nm when bound to protofibrils and fibrils.18

Prp mimic showed low intensity values of fluorescence similarly
to Aβ40 oligomers, while there was an increase for Aβ40 fibrils.
This supports the previous observation that pure amyloid
oligomers, though β-sheet rich, have lower affinity to ThT
compared to amyloid fibrils.12 Bis-ANS is a probe that exhibits
low fluorescence in aqueous solutions and high fluorescence
with proteins containing exposed hydrophobic patches19

mimic.12 The mimic in the presence of this probe showed
intensity values of fluorescence similar to Aβ40 oligomers and
low fluorescence was detected with fibrils.
Another feature of oligomers is that they exhibit β-sheet

conformation. To determine the presence of β-sheet con-
formation in this mimic, we used Fourier transform Infrared
(FT-IR) and circular dichroism (CD) spectroscopy. FT-IR
spectra showed two components at 1612 and 1662 cm−1 as can
be seen in Figure 2c. These bands can be assigned to β-sheet
secondary structure and turns because they are in the region of
1630−1610 cm−1 and 1660−1670 cm−1, respectively.20 We
compared these results to Aβ40 monomer and oligomers, and
we could see a band at 1630 cm−1 indicating β-sheet structure
and another at 1662 cm−1 indicating turn content, while
monomer only displayed a band at 1662 cm−1, corresponding
to turn content only. CD spectra of denatured Prp-G showed a
negative peak at 205 nm, suggesting a random coil
conformation, while Prp mimic showed a negative peak at
221 nm, suggesting β-sheet-rich structure (Figure 2d). It has
been shown that ThT fluorescence and β-sheet content
analyzed by CD spectra increase during the Aβ aggregation
process, showing their maxima when fibrils are formed.21

Indeed, in this instance, Prp mimics showed reduced
fluorescence with ThT and β-sheet secondary structure
evaluated by FT-IR and CD, when compared to fibrils. Then,
we determined particle homogeneity by size exclusion
chromatography (SEC), atomic force microscopy (AFM),

and dynamic light scattering (DLS). When the same sample
was analyzed by SEC, we detected that 76.2% of the species had
a molecular weight (MW) of 69.7 kDa and 11.8% had 184.5
kDa and no Prp-G monomer was detected at 3.8 kDa (Figure
3a). These results show a more heterogeneous preparation.

Perhaps this was caused by the long run-time inherent to SEC
analysis, as increased run-time allows for a higher degree of
dissociation, aggregation, and equilibrium shift down the
multistep kinetic pathway.22

Then, we probed Prp mimic against A11 antioligomer
antibody by Western blot and found positive signal for SDS
resistant species ranging from 109 to 160 kDa for Aβ40
oligomers while Prp 109−148 mimic showed positive signal for
species ranging from 31 to 40 kDa and 56 to 100 kDa (Figure
3b). Atomic force microscopy (AFM) clearly distinguishes the
morphologies of different species on the aggregation pathway.23

Figure 2. (a) Thioflavin T and (b) Bis-ANS assay for oligomers and fibrils of Aβ40 and Prp mimic. Fluorescence intensity values in the graphs were
obtained by the subtraction of their respective blanks. (c) FT-IR absorption spectra in the amide I region of Aβ40 monomer (aqua), oligomer
(purple), Prp mimic (red), and gold nanoparticles (blue). (d) CD spectra of Prp-G without gold nanoparticles (black) and Prp mimic (red).

Figure 3. Homogeneity of Prp mimics was evaluated by (a) size
exclusion chromatography. Detection of Prp-mimic was performed by
fluorescence using 280 and 350 nm corresponding to excitation and
emission wavelengths, respectively. (b) Western blot with A11 and (c)
AFM of Prp mimic.
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AFM image analysis revealed that 90.82% of this preparation
had an average diameter of 10.691 ± 3.63 nm and those
remaining had an average diameter of 26 ± 5.6 nm (Figure 3c),
while DLS showed that 96.8% mass of the particles had a radius
of 5.81 ± 0.96 nm while the remaining had 22.42 ± 6.11 nm. If
we model oligomers as spherical particles, AFM and DLS show
that most of the particles have similar average sizes.
Finally, we tested the accessibility of Prp mimic to sequence

dependent antibodies by dot blot analysis using 3F4, Pri308,
and F89/160.1.5 antibodies that recognize the 109−114, 115−
135, and 139−142 regions, respectively (Figure 4a). This

preparation was not detected by any sequence-dependent
antibody used in this test (Figure 4b). Then we probed Prp
mimic with antioligomer antibody A11 and antifibrillar
antibody OC using Aβ monomer, oligomer, and fibrils as
controls (Figure 4c). Prp mimic showed positive signal only
with A11 antibody, indicating that this mimic displays oligomer
conformation with no contamination of monomers or
fibrils;10,12,13 moreover, mimic did not aggregate further to
form fibrils even after 2 months at 4 °C. After conformational
transition of Prpc to the PrPSc state, region 111−135 becomes
inaccessible to antibodies.24 Consistent with this view, this
region has an intrinsic tendency to adopt β-sheet-rich structure
reminiscent of PrPSc.25−27 Conversely, PrP molecules that are
deleted in the hydrophobic region have greater conformational
stability than WT (wild-type) PrP28 and are refractory to PrPSc-
induced conversion.29,30 From the antibodies used in this
research, only Pri 308 has been reported to block Prp oligomer
toxicity, 31 but in our case this antibody could not detect Prp
mimics. One common problem with amyloid oligomers is that
they are unstable and disappear as mature fibrils and
amorphous aggregates in solution; our results clearly show a
preparation that represents a stable oligomeric transitional
aggregation state that is not recognized by any sequence
dependent antibody. This method can be used for the
preparation of mimic from peptides and protein fragments,
which is invaluable for studying aggregation pathways, and the
screening for antioligomer small molecules. Moreover, stable
mimic can be used as antigen to generate and screen polyclonal

and monoclonal antibodies and to identify toxic conformations
displayed by diverse sequences. In conclusion, this preparation
showed the interaction between Prp-G peptides because any
sequence-specific antibody was able to detect epitopes in this
region and showed an aggregation state with high hydro-
phobicity and β sheet conformation that amyloid oligomers
showed too.
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