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Capillary electrophoresis studies on the aggregation
process of �-amyloid 1-42 and 1-40 peptides

The possibility to monitor, in solution, the steps of b-amyloid (Ab) nucleation and
therefore to describe this dynamic process by using capillary electrophoresis and
under optimized experimental conditions is described. Striking differences in the
electrophoretic patterns of Ab 1-42 and Ab 1-40 over time are here shown, and differ-
ent aggregation states are elucidated, which reflect the very diverse oligomerization
behavior of two very similar peptides. The isolation of one aggregated species of high
molecular weight by ultracentrifugation allowed us to assess its role as toxic oligomer.
The perturbation of the existing equilibrium among the identified species by the addi-
tion of small molecules can in principle interfere with the aggregation process of the
peptides and ultimately prevent the plaque formation in vitro.
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1 Introduction

It is well known that protein folding abnormalities are
recognized to be responsible for diseases like amyloi-
dosis and neurodegenerative disorders associated to
accumulation of fibrillar proteins like Parkinson’s and Alz-
heimer’s disease [1, 2]. All these pathologies share the
presence of a partially structured protein or of peptide
conformers that slowly deposit in insoluble polymeric
aggregates named fibrils.

b-Amyloid (Ab) peptides involved in Alzheimer’s disease
derive from the proteolytic processing of a larger amyloid
precursor protein and in particular Ab 1-42 and Ab 1-40,
composed of 42 and 40 amino acids, respectively, play an
important role in the etiology of the disease. These pep-
tides are normally present in human plasma and cere-
brospinal fluid [3, 4], but under pathological conditions,
they aggregate and form fibrils which accumulate in the
brain as inert and diffuse plaques [5]. Recent studies have
shown that fibrillogenesis from Ab 1-42 and Ab 1-40

monomers occurs through the formation of partially fol-
ded conformers which are globular monomeric assem-
blies at different aggregation phases, and protofibrils,
which seem to be the major effectors of the neurotoxicity
[6, 7].

Spectroscopic studies have demonstrated that in the oli-
gomerization process Ab 1-42 and Ab 1-40 are subjected
to conformational changes. NMR investigations evi-
denced that transitory conversion of the random coil
monomer structure into a predominant helical structure
occurs [8, 9], and this evidence has been confirmed by
circular dicroism, where it was possible to observe that
soluble oligomers, that represent early intermediates of
the fibrillogenic pathway, display a significant percentage
of a-helix [10]. As the formation of the a secondary struc-
ture is a key step of the aggregation process, a nuclea-
tion-elongation mechanism has been proposed [11],
where the oligomer formation takes place through the
agglomeration of a-helix rich nuclei or seeds [10, 12].

One of the most difficult tasks in this field is represented
by the development of techniques suitable for the inves-
tigations in real time of the fibrillogenic process and for
the correlation of the association state with one of the
most intrinsic functions assigned to the oligomers, like the
cytotoxic activity. By size-exclusion chromatography,
Roher et al. [13] described the oligomeric distribution of
Ab peptides in the first stage of aggregation and observed
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that Ab 1-42 and Ab 1-40 are present in monomeric,
dimeric and trimeric forms whose presence increases
with the time of incubation.

The quantitative kinetic description of this process has
been demonstrated to be awkward, as these peptides are
very unstable and furthermore in vitro studies are ex-
tremely susceptible to sample preparation and experi-
mental conditions. LaDu et al. [14, 15] reported two pro-
tocols to start from monomers or low-molecular-weight
oligomers and produce fibrils in vitro, also monitoring by
atomic force microscopy and SDS-PAGE the aggregation
behavior under different experimental conditions (pH,
temperature, time of incubation, concentrations, etc.). By
a photoinduced covalent cross-linking, Bitan et al. [16]
have managed to “freeze” some aggregation states by
stabilizing the oligomers, and by using this approach it
was possible to characterize the oligomers related to a
certain state of aggregation [17]. This seminal study evi-
denced that Ab 1-42 preferentially forms pentameric and
hexameric oligomers (paranuclei) that associate to larger
oligomers and protofibrils, thus confirming a nucleation-
elongation mechanism. Conversely, Ab 1-40 does not
seem to generate such paranuclei and undergoes a
slower aggregation process compared to that of Ab 1-42
[17].

In the present work, we used capillary electrophoresis to
combine the electrophoretic separation principles with
the ability to give a real snapshot of the population of oli-
gomers during their formation. No covalent modification
to stabilize the oligomers was carried out, so to monitor
the fibrillogenic process under conditions that do not
affect the structural dynamics of the oligomer and at a pH
value as much as possible similar to that of plasma and of
the cerebrospinal fluid. This approach allowed the com-
parison of the electrophoretic results with the cytotoxic
activity of the oligomers on the cells. CE offers a high
potential, as it allows for a dynamic monitoring, in aque-
ous solution and under mild conditions, of Ab 1-40 and Ab
1-42 nucleation steps. The minimum material consump-
tion, the possibility of automation and short analysis times
are most valuable assets in this context. To our knowl-
edge, CE has been so far used only for the quantitative
analysis of Ab 1-40 in biological fluids when coupled to
mass spectrometry [18] and for the determination of the
enantiomeric composition of the same peptide by MEKC-
LIF [19]. Here, we exploit the separation potential of CE
and of the ultrafiltration technique to describe the oligo-
mer population of Ab 1-42 and Ab 1-40 along the fibrillo-
genic pathway and to isolate a high-molecular-weight
oligomer peak that is found to correspond to the toxic
species of Ab 1-42.

2 Materials and methods

2.1 Chemicals

Ab 1-42 was synthesized at the Core Protein Laboratory
of Wake Forest University (Dr. M. O. Lively) and Ab 1-40
was kindly donated by Pharmacia (Nerviano, Italy),
respectively. NaH2PO4, Na2HPO4, Na2CO3 were provided
by Merck (Darmstadt, Germany). 1,1,1,3,3,3-Hexafluoro-
2-propanol (HFIP) was supplied by Sigma (St. Louis, MO,
USA) and DMSO by Carlo Erba Reagenti (Milan, Italy).
Microcon Centrifugal Filter Devices (Microcon YM-3, YM-
10, YM-30, YM-50) from Millipore (Bedford, MA, USA)
were used for the characterization studies. Water was
deionized by passing through a Direct-Q Millipore sys-
tem (Bedford, MA, USA).

2.2 Sample preparation

Procedure A: Ab 1-40 and Ab 1-42 were dissolved in
acetonitrile/300 mM Na2CO3 pH 10.5 (50:50 v/v), to obtain
a final sample concentration of 100 mM. The acetonitrile/
Na2CO3 mixture was chosen in order to obtain a readily
soluble peptide at the operative concentration. Basic pH
is intended to increase the solubility of acidic Ab peptides
and Na2CO3 rather than NaOH was used to avoid damage
of either the peptides or the neuroblastoma cells. Na2CO3

concentration was chosen on the basis of stoichiometric
calculations. The solutions were separated in aliquots,
freeze-dried and stored at 2207C. The samples were then
dissolved in 100 mL phosphate buffer (20 mM, pH 7.4) to
obtain a final concentration of 100 mM and were sonicated
for 3 min with an ultrasonic bath. After centrifugation
(10 min at 14 4376g), the supernatant was injected
immediately (t0) or kept at room temperature and injected
at different elapsed times from withdrawal of the super-
natant. For experiments with Microcon filters the super-
natants were ultrafiltrated on Microcon filters with differ-
ent cut-off values (3000, 10 000, 30 000, 50 000 Da) for
20 min at 14 4376g. In order to obtain enough volume for
injection and to approximately restore the original con-
centration, 80 mL of 20 mM phosphate buffer pH 7.4 was
added to the retained sample, recovered by reverse
spinning. Appropriate studies to quantify the retained
sample amount were not carried out. However, the com-
parison between the electropherograms obtained before
and after filtration indicate that the concentrations of the
species injected in the CE system are comparable. The
solutions (retained and filtrated) were immediately inject-
ed into the CE instrument or diluted 1:10 when used for
cytotoxicity studies. Procedure B: A second lyophilization
procedure was carried out for Ab 1-40 by slightly modify-
ing the procedure described by LaDu et al. [14]. Ab 1-40
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was dissolved in 1 mM HFIP, freeze-dried and stored at
2807C. Immediately prior to use, the sample was dis-
solved in DMSO to obtain a concentration of 5 mM, divid-
ed in two aliquots and diluted to 100 mM by using either
phosphate buffer (20 mM, pH 7.4) or HCl (30 mM, pH 1.6),
respectively. The samples were sonicated for 3 min, cen-
trifuged at 14 4376g for 10 min and injected into the CE
system.

2.3 Capillary electrophoresis

All experiments were performed on an Agilent Technolo-
gies 3D capillary electrophoresis system with built-in
diode-array detector (Waldbronn, Germany). Data were
collected and analyzed using an HP Vectra XA/166 com-
puter utilizing a Chemstation A.10.01 software. Unless
otherwise stated, the uncoated fused-silica capillary
(50 mm ID, 53 cm total length, 48.5 cm to the window) was
from MicroQuartz (München, Germany). By applying a
pressure of 1 bar to the capillary inlet, a new capillary was
pretreated with 1 M NaOH for 30 min, followed by water
for 30 min and by the background electrolyte (80 mM

phosphate buffer, pH 7.4) for 60 min. Phosphate buffer
was prepared by mixing 80 mM solutions of analytical-
grade dibasic sodium hydrogen phosphate and sodium
dihydrogen phosphate to give the desired pH. The be-
tween-run rinsing cycle was carried out by pumping
through the capillary 50 mM SDS [20] and water for 1.5 min
each and running buffer for 2 min. The injection of the
samples was carried out by applying a pressure of
50 mbar for 8 s. The capillaries were thermostated with
circulating air at 257C and separations, unless otherwise
stated, were carried out at 16 kV (current = 77.2–77.9 mA)
with the anode at the sample injection end. The wave-
length was fixed at 200 nm. Buffer solutions were freshly
prepared using deionized water. Prior to use, all solutions
were filtered through a 0.45 mM Millipore membrane filter
and degassed by sonication. The background electrolyte
was prepared by mixing analytical-grade dibasic sodium
hydrogen phosphate and sodium dihydrogen phosphate
solutions, to give pH 7.4.

2.4 Cytoxicity studies

2.4.1 Cell cultures

IMR32 cell cultures (human neuroblastoma) were grown
in RPMI 1640 medium containing 10% v/v fetal bovine
serum, penicillin (100 U/mL), streptomycin (100 mg/mL),
and 2 mM glutamine. Cells were maintained at 377C in a
humidified atmosphere of 5% CO2 and 95% air. Materials
used for cell cultures were obtained from Celbio (Milan,
Italy).

2.4.2 Treatment and assessment of cell viability
(MTT colorimetric assay)

The mitochondrial dehydrogenase activity that reduces
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro-
mide (MTT, Sigma) was used to determine cellular redox
activity, an initial indicator of cell death, in a quantitative
colorimetric assay. At day 0, MR32 cells were plated at a
density of 56104 viable cells per well in 96-well plates.
The next day, cells were incubated for 24 h at 377C in the
presence of Ab 1-42 and Ab 1-40. Cell viability was then
evaluated using MTT colorimetric assay: MTT is an indi-
cator of the mitochondrial activity of living cells. In the
present study, cells were exposed to an MTT solution in
PBS (1 mg/mL). Following 4 h incubation with MTT and
treatment with SDS for 24 h, reduction into living cells was
quantified by using a microplate reader Bio-Rad (Model
550; Hercules, CA, USA).

2.5 Electron microscopy

Negative staining of peptide solutions at concentrations
of 100 mM was also performed. For each sample, a little
drop (25 mL) of peptide solution was placed on a carbon-
coated Formvar-covered copper grid (200 mesh). Sedi-
mentation of peptide on the carbon film occurred during
2 min and negative staining was performed with a drop of
2% w/v uranyl acetate. The excess of staining solution
was drained off by means of a filter paper and the speci-
men was transferred to the electron microscope for
examination. Negatively stained samples were observed
in a Zeiss EM 10 electron microscope operating at 80 and
100 kV at the magnifications of 40 000 and 63 0006. A
100 mm condenser aperture and a 50 mm objective aper-
ture were used for the optimization of the resolution and
the electronic contrast. Magnifications of the electron
microscope were calibrated with a 2160 lines per milli-
meter diffraction grating replica onto 3.05 grids.

3 Results

3.1 Capillary electrophoresis

3.1.1 A� 1-42

Ab 1-42 freeze-dried sample was treated according to
procedure A reported in Section 2.2 and injected into the
CE system immediately after withdrawal of the super-
natant (t0) (Fig. 1). A group of unresolved and fast migrat-
ing peaks (A) and a broad, slow migrating peak (B) were
observed. Considering the high aggregation tendency of
Ab 1-42 to form oligomeric species in the fibrillogenic
process [21], it is reasonable to think that these peaks
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Figure 1. Electrophoretic profile of Ab 1-42 immediately
after supernatant withdrawal (t0). Experimental conditions
are given in Section 2.3.

could be representative of different oligomerization states
of Ab 1-42 monomers. Peak B has a slow electrophoretic
mobility (meff= 22.5461024 6 2.2261026; n=6) and it
might conceivably be assigned as an oligomer of high
molecular mass along the fibrillogenic pathway of the
peptide.

No significant changes in the electrophoretic peak
shapes and migration times were observed by injecting
the peptide after different elapsed times from t0, whereas
the area of peak B clearly increases (Fig. 2). By plotting
the normalized area of peak B and peak A [22], divided by
the total peak areas, vs. the elapsed time from t0 (Fig. 2,
inset), it becomes evident that over the first 200 min peak

B area increases very rapidly at the expenses of the area
under the group of peaks named A, and further up to 24 h
the extent of area variation is negligible (plateau). After
24 h and up to six days the electropherograms recorded
remain unchanged. No peaks were instead detected at
the seventh day from t0 (data not shown) and this was at-
tributed to sample precipitation and massive conversion
into fibrillar aggregate, as the sample was visibly cloudy
and electron microscopy disclosed the presence of non-
branching fibrils presenting a diameter of 10 nm, con-
sistent with the feature of classical amyloid fibrils [2]
(Fig. 3).

In order to better characterize the electrophoretic peaks
evidenced at t0, samples of Ab 1-42 were filtered and
centrifuged by using different Microcon membranes, as
indicated in Section 2.2. The filtrated (Fig. 4A) and the
retained (Fig. 4B) solutions were injected into the CE and
the electropherograms obtained were compared with that
of Fig. 1 (here reported in the bottom lines, for clarity). All
the peaks correspond to species characterized by mo-
lecular masses above 3000 Da. Species with molecular
mass ranges of 3000–50 000 Da were found to corre-
spond to the first heterogeneous group of peaks, mainly
in the range of 10 000–50 000 Da. The species corre-
sponding to peak B was retained on the Microcon YM-50
filter (cutoff 50 000 Da), indicating the presence of oligo-
mers with a molecular mass higher than 50 000 Da (Fig. 4B
line 2 from the bottom). These data are in strong agree-

Figure 2. Electrophoretic pro-
files of Ab 1-42 at different
elapsed times from t0. Experi-
mental conditions are given in
Section 2.3. Inset: Plot of the
normalized area% [(peak area/
electrophoretic migration time)
6100]/ total area of peaks)] of
the peak B and of the groups of
peaks A vs. the different elapsed
time (min).
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Figure 3. Electron micrograph of negatively stained
samples exhibit nonbranched fibrils variously oriented
presenting a medium diameter of 10 nm (scale bar:
100 nm). Inset: magnification of a single fibril (scale bar:
100 nm).

Figure 4. Electrophoretic profile of (A) Ab 1-42 filtrate
solutions and (B) Ab 1-42 retained solutions immediately
after solubilization by using different Microcon devices
characterized by several cutoff (3000, 10 000, 30 000,
50 000 Da). Experimental conditions are given in Section
2.3.

ment with the hypothesis that the peak B characterized
by a slower mobility corresponds to soluble oligomeric
state of Ab, presenting a molecular mass higher than
50 000 Da.

3.1.2 A� 1-40

The same investigations were carried out on Ab 1-40
peptide. The electrophoretic profile of Ab 1-40 at t0 is
shown in Fig. 5. The presence of one main peak (peak 3,
meff= 29.3161025 6 6.6761027; n=6) and of some small
peaks (peaks 1, 2) was evidenced, whereas no peaks with
comparable mobility to that of peak B of the electro-
pherogram obtained by injecting Ab 1-42 were detected.
The electrophoretic patterns of Ab 1-40 injected into the
CE after different elapsed time from t0 are shown in Fig. 6,
where a progressive decrease of the area of peak 3 by
increasing the elapsed time is observed. At 48 h after t0 no
peaks were detected by CE.

As for Ab 1-42, Ab 1-40 was ultrafiltrated through Micro-
con membranes characterized by different cut-off values.
Both filtrated (Fig. 7A) and retained (Fig. 7B) solutions
were analyzed and from the electrophoretic traces it is
clear that peak 3 has a molecular mass between 10 000
and 30 000 Da. Notably the effective mobility of this peak
stands within the mobility value window of the first group
of peaks detected for Ab 1-42 (from 24.1761025

Figure 5. Electrophoretic profile of Ab 1-40 immediately
after supernatant withdrawal (t0). Experimental conditions
are given in Section 2.3.
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Figure 6. Electrophoretic profiles of Ab 1-40 at different
elapsed times from t0. Experimental conditions are given
in Section 2.3.

Figure 7. Electrophoretic profile of (A) Ab 1-40 filtrate
solutions and (B) Ab 1-40 retained solutions immediately
after solubilization by using different Microcon devices
characterized by several cutoff (3000, 10 000, 30 000,
50 000 Da). Experimental conditions are given in Section
2.3.

6 1.4061026 to 21.5461024 6 1.1461026; n=6) under
the same electrophoretic conditions. Notwithstanding the
known slower aggregation process for Ab 1-40 when
compared with Ab 1-42 [21], the detection of a single and
sharp peak is surprising, thus we further investigated the
presence or the formation of different oligomeric species.
This was accomplished by reducing the operative voltage
and by varying the sample preparation procedure. A low-
ering in the operative voltage is intended to minimize,
during the electrophoretic run, the potential disaggregat-
ing effect of high electric fields on formed aggregates. The
effect of voltage on the three-dimensional (3-D) structure
of proteins, and in particular on proteins presenting a high
conformational plasticity has been previously reported,
thus envisaging the possibility that the electric field could
interfere with the noncovalent bonds that stabilize the 3-D
structure [23, 24]. In this case, through a reduction of the

voltage, we intended to rule out the possibility that the
electric field could influence the strength of the non-
covalent intermolecular interactions that sustain the pep-
tide oligomerization. By using a shorter capillary (30 cm
total length) and voltage values in the range of 1–16 kV
(current= 4.5–99.5 mA), the profile of Ab 1-40 peptide
remained unchanged (data not shown).

As far as the effect of sample preparation, procedure B
(see Section 2.2) was carried out with two aims: the use of
fluorinated alcohols including HFIP would produce uni-
form, unaggregated monomers [14] by breaking down b-
sheet structure and promoting a-helical secondary struc-
ture [25, 26]; acidic pH conditions would perturb the oli-
gomerization process. Notwithstanding low pH values
have been reported to favor fibrillogenesis for other amy-
loid-forming proteins [27, 28], structure formation of Ab 1-
40 with maintenance of solubility at pH below 3.5 has
been published [29]. The same authors found that Ab 1-40
at pH 7 forms an equilibrium of monomers and tetramers
and that the presence of dimers cannot be ruled out.

Under both solubilization protocols (neutral and acidic
pH) the electrophoretic traces remained unchanged (data
not shown).

3.2 Cell toxicity experiments

In order to evaluate the biological role of the species
separated by CE and ultrafiltration, cell toxicity experi-
ments were carried out. The cellular model chosen is the
neuroblastoma cell line (IMR32) which is sensitive to Ab-
induced cell death in a concentration-dependent manner.
The standardization of our approach was accomplished
by cell toxicity studies of the two peptides in toto. First we
tested toxicity of Ab 1-42 and we observed that exposure
of IMR32 cells to 10 mM peptide induced a significant loss
of cell viability (39.3%6 4.74), (Fig. 8). Similar experiments
were done on Ab 1-40 and the exposure of IMR32 cells to
10 mM peptide for 24 h also resulted in a significant loss of
cell viability (40.9%6 1.62) (data not shown). Figure 8 also
reports the cell toxicity played by the multimeric species of
Ab 1-42 retained on a filter with a cutoff of 50 000 Da and
migrating at around 12 min in CE (peak B). Much lower
toxicity is on the contrary to be assigned to Ab 1-42 freely
passing through a filter of 50 000 Da, and corresponding to
the peptide fraction eluting in CE as group of peaks A.

4 Discussion

In the last few years enormous efforts have been gener-
ated from many disciplines to provide methods and
technology able to describe the structure of the inter-
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Figure 8. IMR32 cells were treated for 24 h with 10 mM Ab
peptide 1-42 and with its filtrate and the retained species.
Cell viability, expressed as % of untreated cells, was
determined by the MTT reduction assay.

converting conformers of Ab protein along the fibrillogen-
esis pathway. Spectroscopic [7–12, 17, 29, 30], chromat-
ographic [13, 30–33] and electrophoretic [14–17, 30, 33]
techniques have provided several hints in the elucidation
of the process. These techniques have been employed
either alone or combined and nevertheless are not devoid
of limitations or drawbacks, as clearly evidenced and
reviewed by Bitan et al. [16, 17].

It is now largerly accepted that the initial phase of the
aggregation implies a secondary structure transition and
formation of small-size soluble oligomers [10, 12]. These
early oligomers in the presence of a monomer reservoir
undergo a further rearrangement and generation of para-
nuclei [5, 11] that seed the formation of fibrils [17]. Along the
description of the fibrillogenic pathway more and more data
are coming regarding the thermodynamic and kinetic bar-
riers that regulate the transition from one state to the other
[10] and regarding the biological role of Ab fibrils, other
efforts are devoted to the identification of the intermediate
state of association that plays the cytotoxic activity.

CE offers in this context an orthogonal and advantageous
approach to the already employed techniques as it mer-
ges simplicity, low consumption of precious Ab peptides,
high separation potential, speed of analysis, and further-
more makes it feasible a real and quantitative monitoring,
in solution, of the aggregation process at plasma pH
value. Most importantly we have carried out our in vitro
studies of Ab 1-42 and Ab 1-40 without the use of chao-
tropic agents, and without the formation of covalent links.

The formation of cross-links [16, 17] offers the advantage
to stabilize the various conformers but certainly would
introduce modifications of the supersecondary structure
as well as could affect the structural dynamics of the oli-

gomers and in turn affect the biological behavior of the
aggregate. The innovative purpose of this study in fact is
the parallel monitoring of the process of Ab aggregation
and its influence on cell toxicity.

Ab 1-42 presented an electrophoretic pattern character-
ized by a variety of peaks with a different mobility. It is
reasonable to deduce that these peaks can be identified
with different oligomeric species, occurring in an initial
phase of the aggregation process. By using Microcon
membranes to filter the peptide solution, we were able to
assign an apparent molecular weight to the species
related to the electrophoretic peaks. Considering that the
molecular mass of the Ab 1-42 monomer is 4514.15, we
could conclude that by using CE, the first group of peaks
corresponds to monomers up to undecamers, and can be
significantly separated from a higher-molecular-weight
species (peak B), that we identified as a dodecamer or an
aggregate of larger size. Furthermore, by developing sta-
bility studies, we were able to observe that the area of
peak B was increasing over time, at the expenses of the
other species also present at t0, which suggests that
lower-size oligomers aggregate into higher size forms.

These data were consistent with the observation reported
by Bitan et al. [17]. The oligomers Ab 1-42, derived by the
photo-induced cross-linking of unmodified proteins
(PICUP) technique, were in fact characterized by a dis-
tinctly different oligomeric size distribution, spanning three
main groups of oligomers, from monomers to trimers, from
tetramers to octamers and from nonamers to dodecamers.
This characterization is in agreement with the nucleation-
elongation model related to the fibril formation, where spe-
cies such as pentamers and hexamers represent units
(paranuclei) which preferentially assemble to larger oligo-
mers (dodecamers and high-molecular-weight species),
which further precipitate as protofibrils and fibrils.

After identifying the high molecular weight-soluble oligo-
meric species that could be hypothesized to have a key
role in the fibrillogenic process of Ab 1-42, we have
focused our attention on the effect of the freshly solubi-
lized peptide and of this oligomeric species in a cellular
system (IMR32 human neuroblastoma cells). IMR32 cell
line is a cellular model vulnerable to Ab peptide insult and
it has been extensively used in our laboratory because it
is sensitive to oxidative stress-induced cell death in a
concentration-dependent manner. Consistent with the
reports from literature, Ab 1-42 presented a clear degree
of toxicity [33, 34]. Moreover, it is also interesting to
underline that the effect of the isolated species from Ab
1-42 was different on IMR32 cells. While the species fil-
trated on Microcon YM-50 membrane (from dimers to
decamers) did not induce cell death, the species retained
from the 50 000 Da membranes (dodecamers and higher
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aggregates) showed a toxicity similar to that observed
when IMR32 cells were treated with the freshly dissolved
Ab 1-42, suggesting that peak B is an important inter-
mediate of the pathogenetic aggregation pathway of this
peptide. The aggregation pathway of the peptide may
therefore include the formation of high-molecular-weight
oligomeric species (peak B), which are fundamental in the
development of toxicity. It is also demonstrated that more
aggregated oligomeric species are more toxic than the
smaller ones on the cells and that are strictly related to the
greater toxicity of Ab 1-42.

With the aim to compare the aggregation behavior of Ab
1-42 and Ab 1-40, the latter amyloidogenic peptide was
studied and the electrophoretic profiles of Ab 1-40
showed to be very different from those of Ab 1-42, in the
same experimental conditions. Notwithstanding the small
difference in the primary structure between Ab 1-40 and
Ab 1-42, we have constantly observed, under repeated
injections of samples under the same conditions, only one
main electrophoretic peak (peak 3) and two small faster
peaks (peaks 1, 2). Neither at t0 nor over elapsed time
from withdrawal of the supernatant this pattern changed
but rather the peak areas progressively decreased. This
could indicate that Ab 1-40 (Mr of the monomer 4328.9)
features a different aggregation process, where in con-
trast to what observed for Ab 1-42, seeds or nuclei char-
acterized by high molecular weight are not formed.

Characterization studies by using Microcon membranes
were carried out in order to support this hypothesis.
According to the electropherograms shown in Fig. 7, this
single peak should correspond to trimers up to eptamers,
although a not negligible portion of peak 3 is filtrated by
the Microcon YM-10 membrane (trace 2 from the top,
Fig. 7A), suggesting the presence of dimers. The comi-
gration of different oligomeric species in one single and
efficient peak is nevertheless questionable. As mentioned
earlier, for a peptide with such a high molecular flexibility,
it is plausible that the high operating voltage may disrupt,
during the electrophoretic process, unstable oligomers
into lower-molecular-weight oligomers or monomers. For
this reason, the lowest possible operative voltage value
(1 kV) in CE was investigated, and under these conditions
the electrophoretic pattern remained unchanged. The
absence of direct voltage effect on the pattern of the
electropherogram and the clear difference in the analysis
of Ab 1-40 and Ab 1-42 are consistent with previous data
suggesting a different pathway of the oligomerization
process. In particular, by using CE, we were able to isolate
a multimeric form of Ab 1-42 presenting an apparent mo-
lecular mass higher than 50 000 Da and soluble up to
several days. This approach could be therefore extremely
useful in the investigation of the already established dif-

ferent fibrillogenic pathways of Ab 1-40 and Ab 1-42 [17].
The possibility to use CE in the study of these processes
opens an avenue to evaluate the effect of different mod-
ulators of fibrillogenesis.
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