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The highly toxic Af(25-35) is a peculiar peptide that differs from all the other commonly studied f-amyloid peptides
because of its extremely rapid aggregation properties and enhanced neurotoxicity. We investigated AS(25-35)
aggregation in H,O at pH 3.0 and at pH 7.4 by means of in-solution analyses. Adopting UV spectroscopy, Congo
red spectrophotometry and thioflavin T fluorimetry, we were able to quantify, in water, the very fast assembling time
necessary for Af(25-35) to form stable insoluble aggregates and their ability to seed or not seed fibril growth. Our
quantitative results, which confirm a very rapid assembly leading to stable insoluble aggregates of Af(25-35) only
when incubated at pH 7.4, might be helpful for designing novel aggregation inhibitors and to shed light on the in vivo

environment in which fibril formation takes place.
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1. Introduction

Several laboratories have reported that, after being processed
from its precursor protein, S-amyloid changes its con-
formation to form aggregates, which are eventually deposited
as senile plaques, one of the key pathological hallmarks of
Alzheimer disease (AD). One of the main theories of the
causes of neurodegeneration in AD postulates that the
production of S-amyloid (1-40) and (1-42) peptides causes
the activation of a biochemical cascade that leads to cell
death (Holscher 2005). Nevertheless, the neurodegenerative
effects of f-amyloid have not been shown consistently in cell
culture or in vivo studies. In cell culture studies, cytotoxic
effects can be observed under certain conditions but these are
not always consistent (Holscher 2005), and in vivo studies
have shown that while infusion of f-amyloid has effects on
behaviour, it does not necessarily induce neurodegenerative
effects. The effects on memory formation and cognitive
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abilities due to injection of amyloid fragments into the brain
have been very inconsistent until now. It has been proposed
that the aggregation state of amyloid fragments is of crucial
importance for inducing toxic effects. While low molecular
aggregates display low toxicity, certain oligomers appear to
be much more toxic than others (Walsh and Selkoe 2004),
but it is not clear whether or how exactly infused soluble
amyloid fragments aggregate in the brain (Holscher et al.
2007). Likewise, the correlation between neurotoxicity,
structural properties and evolution of Af aggregates over
time has not been completely understood. Based on these
findings, intense effort has been focused on discovering
a way to describe this aggregation process. As a result of
the complexity and enormous structural space required
even in relatively short 3040 amino acid polypeptides,
determining the molecular basis of the recognition and
assembly processes fostering amyloid-fibril formation is
a very complicated task. Moreover, the synthesis of large
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peptides, especially aggregative peptides, is expensive and
difficult. Consequently, an important direction for studying
amyloid formation has emerged from the use of residues of
peptide fragments (Gazit 2005).

The fibrillisation process of many synthetic amyloid
peptides has been studied and the relative assembly
dynamics have been found to be quite different (Petkova
et al. 2005; Roychaudhuri ef al. 2008; Snyder et al. 1994),
providing extensive evidence for the effect of various
parameters on f-amyloid fibrillisation. On the other hand,
little is known about the toxicity related to these different
aggregation mechanisms.

Various synthetic Apfs form filamentous, f-sheet
assemblies in vitro (Meinke and Hansmann 2007).
Mounting evidence originating from in vitro toxicity studies
with synthetic Af peptides shows that Af, in an aggregated
state (fibril, protofibril, low molecular-weight oligomer, or
diffusible, non-fibrillar ligand), is toxic to neurons in cultures
(Bieschke et al. 2008; Stefani 2007; Baglioni et al. 2006;
Dobson 2006). The assembly phenomenon is reported to be
dependent on the pH of solutions, concentration of Afs and
incubation time in solution (Wei and Shea 2006; Wang et al.
2004). Several p-amyloid fragments have been reported to
form such assemblies, but only Aps that include a substantial
portion of the transmembrane sequence were showed to be
able to assemble into aggregates that are stable at pH 7.4
and resistant to disruption by sodium dodecylsulphate (SDS)
(Burdick et al. 1992; Pike et al. 1993, 1995).

It has been suggested that the kind of solvent used to
dissolve lyophilised Af peptides determines not only the
initial conformation of A but also the aggregation kinetic
behaviour that follows (Wei and Shea 2006). Various
dissolving systems including dimethyl sulphoxide (DMSO),
H,O, trifluoroacetic acid (TFA), phosphate buffered saline
(PBS) and hexafluoroisopropanol (HFIP) have been utilised
in a variety of studies associated with the most commonly
used synthetic model peptides, Af(1-40) and AB(1-42), and
with a number of partial fragments, all forming amyloid-
like fibrils and similar aggregated structures (Bitan and
Teplow 2005: LeVine 2004). However, the weak correlation
among kinetic data that frequently differ, depending on the
specific A fragment being examined, is still a problem
(Simmons et al. 1994). Despite the large number of studies
on neurotoxicity and fibril morphology typical of each AfS
fragment, relatively few kinetic studies describe the behaviour
of some of these molecules in solution. In particular, the
initial stages of assembly of Af(25-35), containing the
functional domain — sequence GSNKGAIIGLM - of the
Ap precursor protein that is required both for neurotrophic
effects in normal neural tissues and is involved in the
neurotoxic effects in AD, are difficult to monitor (Clementi
et al. 2005; Jayaraman et al. 2008). Previous studies
to evaluate the structure—activity requirements for age-
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dependent aggregation and neurotoxicity further revealed
that peptides containing the hydrophobic AS(29-35) region
slowly formed stable aggregates in solution even at pH 7.4
and were neurotoxic to neural cultures upon ageing but not
in freshly prepared solution (Pike ef al. 1993). The only and
most notable exception to this age-dependent toxicity is
AB(25-35) that is neurotoxic immediately upon dissolution
(Takadera et al. 1993; Ban 2008). AS(25-35) is the shortest
peptide sequence that retains biological activity comparable
with that of full-length Af(1-42) and exhibits large S-sheet
aggregated structures (Pike ef al. 1995; D’Ursi et al. 2004).
Moreover, AB(25-35) peptide is present in senile plaques and
degenerating hippocampal neurons in AD brains, but not in
age-matched control subjects. Certain forms of AS(1-40) can
be converted to AS(25-35) peptide by brain proteases (Kubo
et al. 2002). Finally, this proteolytic fragment of AS(1-
40) was also observed in inclusion body myositis (IBM),
a disorder known for the accumulation of proteins with
amyloid characteristics in muscle (Jayaraman et al. 2008).
Because of these features, AB(25-35) has often been chosen
as a model for full-length Af in structural and functional
studies but, unfortunately, kinetic and structural studies
of this peptide are indeed strongly hampered by its tendency
to quickly assemble into insoluble aggregates (Clementi
et al. 2005; Misiti et al. 2005). On the other hand, the
study of the conformational preferences of AS(25-35) in
different conditions appears to be crucial for shedding
light on its intrinsic structural properties related to Ap fibril
formation.

The data presented here more clearly define the
uncommon rapidity with which Af(25-35) self-assembles
at different pH and support the hypothesis that the early
aggregated forms of Af(25-35) that develop at pH 3 may
not enhance the growth of dangerous fibrils generated at pH
7.4.

We conclude from these data that the mechanism by
which A forms toxic fibrils is initiated in vivo and probably
does not involve low pH compartments, confirming the
hypothesis of Kubo et al. (2002) on the origin and peculiar
toxicity of the Af(25-35) undecapeptide.

2. Materials and methods

2.1 Peptides

Synthetic Af(25-35) and Ap(1-42) were purchased from
Bachem (Torrance, CA, USA).

2.2 Preparation of AP solutions

2.2.1 Unseeded conditions: Samples of 1 mg of AS(25-35)
were dissolved in 0.2 ml of TFA and gently stirred at 5°C
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for 3 h to completely dissolve associated peptides (Carrotta
et al. 2005). Upon addition of 1.8 ml of Millipore SuperQ
water, solutions were fractionated into five equal parts
and lyophilised overnight. This procedure provided stock
powder aliquots of the same amount (200 xg). Each aliquot
was dissolved in 250 ul of 0.1 M sodium citrate buffer at
pH 3 or in water pH 7.4 and filtered (via a 0.2 ym Millipore
filter) into 1 cm square quartz cuvettes. Different peptide
concentrations were obtained by diluting the stock powder
aliquots with a different amount of buffer solution. All
chemicals were of reagent grade. In vitro experiments were
performed in extremely simplified conditions to highlight
a few basic features of the molecular interactions and
mechanisms that drive amyloid fibrillogenesis.

2.2.2 Seeded conditions: Samples of 1 mg of AB(25-35)
were dissolved in 2 ml of Millipore SuperQ water; solutions
were fractionated into five equal parts and lyophilised
overnight. Each aliquot was dissolved in a different amount
of 0.1 M sodium citrate buffer at pH 3 or in water pH 7.4
to achieve the needed concentration. Af stock suspensions
were immediately utilised for spectrophotometrical assay
due to the tendency of AS(25-35) to aggregate in water also
during freezing (data not shown). The seeding efficiency
of the ApP(25-35) aggregates was tested by introducing in
the reaction mixture of unseeded peptide 10% (w/w) of
aggregated Af(25-35) from a solution at pH 3.0 or 7.4,
respectively.

2.3 Verification of seed-free condition

Pretreatment with TFA and filtering ensured that no large
aggregates (seeds) were present in the solution (Carrotta
et al. 2005). The high reproducibility of our kinetics in
unseeded conditions further confirmed the absence of a
significant amount of spurious nucleation seeds within our
peptide solutions, before and after filtering.

2.4  Turbidimetric assay

For turbidity measurements, samples were prepared and,
following incubation, absorbance was measured using an
Agilent 8453 UV spectrophotometer set at a wavelength of
403 nm.

2.5 UV spectroscopy (OD,, assay)

220
We adopted a modified procedure described by Yoshiike
et al. (2001). Ap-stock solutions were first diluted in 20
mM Tris-HCI (pH 7.4 or pH 3) and centrifuged (Optima
L90-K Ultracentrifuge) at 10 000 g for 10 min at 4°C. The
supernatant containing soluble A was mixed with the same
volume of Tris buffer alone.

The concentration of Af in each test sample was 10
UM. At this point, each sample was divided into two equal
volumes:

(1) one volume was diluted 10 times with buffer and
termed ‘before’, and

(i1) the remaining volume was incubated for 30 min

at 37°C and termed ‘after’. At this point, to assess
Ap concentration, the optical density (OD) due
to aggregation was calculated as the ratio of the
difference between oD,,,. and oD, divided by
oD,,,,. as follows:

OD,,)/0D, , x100%

(ODbcjf})re B after

OD of the ‘before’ samples (OD,, fore) WS measured using an
Agilent 8453 UV spectrophotometer set at a wavelength of
220 nm.

After 30 min the ‘after’ samples were ultracentrifuged
at 100 000 g for 10 min at 4°C using an Optima L90-K
Ultracentrifuge.

Supernatants were collected, diluted 10 times with
buffer, and absorbance was measured (OD,,,) as described
above. The percentage of total aggregation was calculated as
described above.

Furthermore, the sedimentable portion of AfS(25-35)
solutions was quantified using the centrifugation protocol
outlined below. Due to an inability to iodinate the AS(25-35)
amyloid peptide using standard procedures, sedimentation
of these peptides was quantified using Lowry protein
determination (Bradford 1976). To accommodate the
limitations of this assay, stock solutions were diluted to
25 uM in H,O (pH 7.4 or pH 3) and centrifuged (Optima
L90-K Ultracentrifuge) at 100 000 g for 1 h. The pellet
and supernatant fractions were separated and protein
concentration was determined. Percentage sedimentation
was calculated as:

Z protein conc. Pellet

: : %100
protein conc. Pellet 4 protein conc. Supernatant

n

n

where n represents the number of observations.

2.6  Congo red spectrophotometric assay

2.6.1 Congo red preparation: A 100-300 mM stock solution
of Congo red (CR) (CI 22120, Direct Red 28; Aldrich,
Milwaukee, WI, USA) was prepared in filtered PBS (PBS:
0.01 M phosphate buffer, 0.0027 M KCl and 0.137 M NacCl,
pH 7.4). To the CR stock solution 1% sodium azide was
added to prevent the formation of microaggregates or other
kinds of pollutants.
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2.6.2 CR binding assays: CR—Af binding studies were
conducted using a protocol modified from Klunk ez al.
(1998). Spectrophotometric analysis of CR—Af binding
was performed using an Agilent 8453 spectrophotometer;
all measurements were taken in wavelength-scanning mode
(300-700 nm), using PBS as reference. Mixtures of CR and
AP(25-35) were incubated at room temperature for 15 min
prior to spectral analysis. Separate kinetic studies showed
that the absorbance of the CR—Af complex reached a
maximum by 6 min. Absorbance spectra from 300 to 700 nm
were recorded for the CR—A/ mixture as well as CR and A
alone at the appropriate concentrations. These spectra were
used to determine the wavelength of a ‘shoulder peak’ of the
CR—-Af complex.

Finally, different concentrations of AS(25-35), seeded
or under seed-free conditions, were mixed with a solution
of CR in PBS to yield a final CR concentration of 20 M.
After zeroing in on PBS, the absorbance of all samples at
541 nm was recorded until stoppage of aggregation was
demonstrated by CR-coloured large Ap(25-35) macro-
aggregates, easily visible to the naked eye.

2.7  Thioflavin-T fluorescence spectroscopy assay

Aggregate formation of A was measured by a thioflavin-
T (Th-T) fluorimetric assay (LeVine 1997) with a few
modifications. Th-T binds specifically to amyloid, and this
binding produces a shift in its emission spectrum and a
fluorescent signal proportional to the quantity of amyloid
formed. This method is more specific than others, such as
turbidity or sedimentation assays, for the semiquantitative
determination of amyloid-like aggregates. A seeded solution
of AB(25-35) or AB(1-42) peptides in H,O (pH 7.4) at
different concentrations was added to 5.0 4M Th-T in a final
volume of 3.0 ml of 50 mM Tris-HCI (pH 7.4). Fluorescence
was monitored at excitation 440 nm and emission 482 nm
using an RF-1500 spectrofluorometer (Shimadzu, Kyoto,
Japan). A time scan of fluorescence was performed and, in
each case, the fluorescence was normalised by subtracting
the blank sample. The data from three identical samples in
separate experiments were then averaged to provide the final
values.

3. Results

Ap(25-35) differs from other amyloid peptides due
to its dramatically fast tendency to self-assemble and
form insoluble aggregates. Until now, this property was
the cause of the lack of accurate data pertaining to the
aggregation kinetics of this peptide, and limited the study
of its accentuated and precocious neurotoxicity (Maurice
et al. 1996). To investigate the relationships among the
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conditions that promote rapid assembly of Af(25-35), the
solubility properties of its aggregated forms and the real
correspondence between properties of aggregates generated
by both Af(25-35) and AS(1-42), we report a study of the
aggregates formed by AS(25-35) at acidic pH compared with
those formed at pH 7.4. Unlike AB(1-40), whose different
aggregation properties at pH values of 5.8 and 7.4 were
reported by Wood et al. (1996), AB(25-35) does not show
any variation in aggregation ability if incubated at these pH
values. We were able to observe discrepancies in aggregation
kinetics, and peculiarities of the formed aggregates only
at pH 3.0. We showed that AS(25-35) generates a turbid
product, CR-binding aggregation reaction, within a few
minutes when incubated in seeded conditions at both acidic
and physiological pH. At pH 7.4 and unseeded conditions,
Ap(25-35) forms little or no aggregate in this time frame,
requiring hours to complete fibril formation and the solution
stays transparent. Otherwise, at pH 3.0, Af(25-35) seems to
be a mixture of amorphous particles and, in contrast to fibrils
grown at pH 7.4, the turbid aggregate generated at pH 3.0 is
incapable of seeding fibril growth at pH 7.4.

We exclusively adopted in-solution techniques, since
it has been well established in our laboratory as well as in
others (Burdick ef al. 1992; Pike et al. 1995) that AS(25-35)
is the only f-amyloid fragment that cannot be analysed by
electrophoretic techniques. We determined the time course of
AP(25-35) aggregation and its assembly and sedimentation
capacity at a percentage significantly higher than most other
common p-peptides such as Ap(1-40) and Ap(1-42). We
especially emphasise the discrepancies between AfS(1-40)
(Wood et al. 1996) and its proteolytic fragment AS(25-35)
in forming aggregates at different pH values with different
seeding properties.

Because it was postulated that fibril formation might be
initiated in a low pH environment of the lysosome and there
are reports in the literature of a pH optimum for AS(1-40)
and Ap(1-42) aggregation in the pH 5-6 range (Nesgaard
et al. 2009), we report here the peculiar case of AS(25-35).
This particular peptide aggregates in the same way at pH
7.4 and at pH 5.8 (data not shown), but we observed rapid
formation of aggregates if incubated at pH 3. Once formed,
the aggregates generated at pH 7.4 were relatively stable and
resisted interconversion in response to a shift in pH. Figure
1 C, D shows that, as measured by turbidity, aggregates
generated at pH 7.4 do not change significantly in character
after a shift to another pH. In contrast, aggregates generated
at pH 3.0 partially reduce their turbidity if shifted to pH 7.4.

The tendency of Af(25-35) to aggregate in H/O was
confirmed by evaluation of its percentage of aggregation and
sedimentation (figure 1A, B). Congruently with aggregation
quantification, AS(25-35) showed the highest sedimentation
percentage (54%) with respect to the reference Af peptide.
Although Pike ef al. (1993) hypothesised, on the basis of
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Figure 1. (A) UV OD,,  spectroscopy assay. 10 uM AB(25-35) (pH 7.4) was incubated at 37°C for 30 min, and the percentage of

total aggregation was calculated as described in Materials and Methods. The percentages of aggregation for Af(1-42) are also reported.
(B) Sedimentation assay of Af(25-35) aggregation in H,O. Aggregation of AB(25-35) was assessed by quantifying the percentage of
peptide that had a sediment following 1 h of ultracentrifugation at 100 000 x g. The percentages of sedimentation for Af(1-42) are also
reported. Results are the average of three independent experiments. Bars represent mean percentage sedimentation values. (C, D) Turbidity
(absorbance 403 AU) at 0 (before pH shift) and 24 h (after pH shift) of: Af aggregates formed at pH 3 and shifted to pH 7.4 (left side), and

Ap aggregates formed at pH 7.4 and shifted to pH 3 (right side).

electrophoretic data, a strong tendency of AB(25-35) to
aggregate, our findings are, to the best of our knowledge,
the first experimental demonstration and a more exact
quantification of such behaviour in H,O.

We then quantitatively evaluated the kinetics of formation
of AB(25-35) amyloid aggregates using the dye CR. Figure
2A shows the individual and combined spectral properties of
aggregated Af(25-35) and CR in a solution at pH 7.4 at the
start of the reaction, while figure 2C shows a shoulder peak
at 541 nm formed during peptide aggregation. Absorbance
spectra from 300 to 700 nm were recorded for the CR-Af
mixture as well as for CR and Ap alone; the Af + CR
absorbance spectrum was appreciably greater than the spectral
curve of CR alone; these spectra were used to determine the
wavelength of absorbance of the CR—-Af complex (541
nm) and the existence of a minimum point at 403 nm,
common to CR alone and the CR-Af complex. Figure 2B
shows the spectra at five different CR concentrations with
the same amount of AS(25-35) (63 ug/ml); at 541 nm the

change in absorbance spectrum resulting from CR binding
to AB(25-35) aggregates was evident as a shoulder on the
curve and was indicative of amyloid aggregation (Klunk ez
al. 1998). The shoulder peak remained constant at all CR
concentrations and defined a suitable wavelength adopted
for subsequent assays. When CR was bound to aggregated
forms of Af(25-35), an appreciable change in colour from
orange to pink was observed, corresponding to the shoulder
peak in the characteristic absorbance spectrum of CR. Figure
2C shows the absorbance spectra at 541 nm at an interval of
30 s during the AB(25-35) aggregation process. At these
spectra, absorbance gradually grew with time, indicating
a kinetic bond between CR and amyloid aggregates, and
suggesting that formation of the shoulder peak was firmly
attributable to the aggregation of peptide.

To determine the exact aggregation time course of AS(25-
35) in H,O, we adopted a typical CR spectrophotometric
assay. Depending on the parameters of synthesis and
sample handling, preparations of commercial Af contain

J. Biosci. 34(2), June 2009
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Figure 2. (A) Spectral features of Congo red (CR) and
aggregated AS(25-35). Absorbance spectra of a suspension of 63
pg/ml AB(25-35) in the absence and presence of 6.2 uM CR and
of CR alone. (B) Different absorbance spectra obtained at various
concentrations of CR in the presence of 63 ug/ml Af. The change in
absorption spectrum resulted from CR binding to aggregates. The
spectra presented a shoulder peak at 541 nm due to the increase in
absorbance owing to the turbidity of amyloid aggregates; note that
the shoulder peaks at 541 nm were constant at all CR concentrations
tested. (C) Relationship between the shoulder peak (541 nm) and
time, for 45 ug/ml AB(25-35) in 20 mM CR. The peak change
indicates a sigmoidal curve and the original absorbance spectra
at 541 nm at intervals of 30 s on the aggregation of AS(25-35) are
shown. The shoulder peaks at 541 nm gradually grew with time,
indicating that CR is kinetically bound to the amyloid aggregates.
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varying amounts of peptide that is chemically intact, but has
undergone non-covalent aggregation. This implies that pre-
existing aggregates may be originally present in commercial
lots, thus preventing or even impairing an actual evaluation
of aggregation kinetics. Consequently, if the aim is to monitor
the actual modalities of Af aggregation, it is necessary
to effectively purge the peptide sample from pre-existing
aggregates. Usually, this is achieved by treatment with a
solvent (TFA) capable of disaggregating these associated
forms or by filtration to remove residual aggregates. Figure
3 shows the extent of aggregate formation as assessed by
CR binding at different concentrations of Af(25-35) in a
reaction at 25°C and in seeded conditions. As expected, the
aggregation kinetics were sigmoidal, but the starting latency
period was not appreciable. We found that the CR—peptide
complex reached an OD maximum after only 4 min in a
concentration-independent manner (figure 3). The reaction
was initiated immediately upon mixing the peptide into the
CR solution and a dose-dependent increase in absorbance
was observed together with the addition of ApB(25-35),
starting with an Af-solution of 9 ug/ml and increasing the
concentration up to 63 ug/ml. Once formed, the aggregates
generated in H O at pH 7.4 were stable and resisted the
disaggregating action of DMSO treatment (data not shown).
In seeded conditions, AS(25-35) at pH 3 essentially showed
the same behaviour as at pH 7.4, reaching maximum
absorbance in 4 min but, in this case, the aggregates were
unstable and subsequent treatment with DMSO was able to
break them up (data not shown).

The rapid aggregation time of AB(25-35) in H,O was
further confirmed by the thiazole dye thioflavin-T (Th-
T). This dye, when bound to proteins bearing the fS-sheet
structure, can be selectively excited to yield a fluorescent
signal (Ban et al. 2003). The increase in Th-T fluorescence
may precede the formation of precipitable complexes and
is more sensitive than the use of CR. An increase in Th-
T fluorescence is considered as an important indicator of
the presence of amyloid fibrils (Eisert ez al. 2006). So, to
confirm the aggregation properties of AS(25-35) observed
by CR, we monitored the changes in Th-T fluorescence
intensity of Af(25-35) as a function of incubation time under
stable environmental conditions (constant temperature,
25°C). Analysis of the fluorescent signal from the Th-T
probe suggests that a significant proportion of the AS(25-
35) peptide in H,O was present in f-configuration since
Th-T fluorescence was much more pronounced than when
no peptide was used (figure 4A). The aggregation time of
Ap(25-35) shown by Th-T analysis was exactly in agreement
with data obtained by CR experiments; however, there
was a rapid decrease in Th-T fluorescence after reaching
a maximum value, which was particularly appreciable at
higher peptide concentrations. The fluorescence of AS(25-
35)-Th-T bound at different concentrations showed a time
course (figure 4A) suggesting nucleation-dependent fibril
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Figure 3. Kinetics of AB(25-35) aggregation in seeded conditions, resulting from the incubation in H,O at pH 7.4. Different concentrations
of AS(25-35) were mixed with 20 mM CR at pH 7.4 and incubated at room temperature. The absorbance spectra were recorded in kinetic
mode at 403 nm and 541 nm until the complex CR—Ap precipitated on the cuvette bottom. Lines represent kinetics of spontaneous Af(25-
35) aggregation. The lower chart shows Af(25-35) aggregation kinetics during the first 4 min of monitoring. Results are the average of three

independent experiments. Bars indicate standard deviations.

formation, but the lag phase was nearly completely lacking,
maybe because Th-T interacted with Af(25-35) early in its
aggregation pathway, i.e. at the nucleation or protofibril
stage. The maximum value of fluorescence was then
followed by a very rapid decrease. This behaviour was not
congruent with the aggregation kinetics observed with CR.

It can be also emphasised that the observed aggregative
ability of AS(25-35) was greater than that of the commonly
studied AS(1-42) peptide. Comparatively, at around 4 min of
observation, the aggregation of AS(25-35) reached a steady
state, while the aggregation of AS(1-42), in the same seeded
conditions, reached a steady state only after 3 h and 20 min
(figure 4B).

Under unseeded conditions, AB(25-35) has an aggregation
kinetic with an evident lag phase. Figure 5 shows the extent
of aggregate formation as assessed by CR binding, at
different pH; aggregate formation began within 60 min at
pH 3.0 and reached completion in about 6 h. Also measured
by CR, AS(25-35) began to aggregate after 3 h at pH 7.4
and was complete after about 5 h. To confirm data obtained
from AfS(25-35) observed by CR in unseeded conditions, we
again observed the changes in Th-T fluorescence intensity of
Ap(25-35). Analysis of the fluorescent signal from the Th-
T probe showed that, in this case, the aggregation time of

Ap(25-35) was exactly in agreement with data obtained by
CR experiments (data not shown).

We also tested the differences between aggregation in
stirred or unstirred conditions at pH 7.4 but this condition
did not seem to influence the aggregation ability of peptide
(data not shown).

Finally, we compared the abilities of aggregates generated
at various pH to act as seeds for the initiation of fibril
formation. We found that aggregates of Af(25-35) formed
at pH 7.4 were able to stimulate fibril formation and reduce
the lag time to achieve a complete aggregation reaction. In
contrast, aggregates formed at pH 3.0 were unable to seed
fibril formation when added to a solution at pH 7.4 (figure
5B). Thus, the aggregate suspension formed at pH 7.4 was
functionally related to propagation of amyloid structure
despite the turbidity generated by the aggregate at pH 3.

4. Discussion

This study is the first to provide information on the very
rapid aggregation of Af(25-35) in water at pH 3.0 and pH
7.4. Due to to the adoption of suitable in-solution techniques
and careful removal of undesirable pre-existing aggregation
seeds, we were able to quantify the exact time necessary for
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Figure 4.

(A) Aggregation of AB(25-35) in seeded conditions, measured via Th-T fluorescence as a function of elapsed time of

aggregation. The inset shows the aggregation of Af(25-35) during the first 10 min of the experiment. (B) Aggregation of 20 xg/ml Ap(1-
42) under the same conditions as AS(25-35). In both cases, data represent the mean Th-T fluorescence measurements of at least three

independent experiments (N > 3). Bars indicate standard deviations.

the highly toxic AS(25-35) to self-assemble into stable and
insoluble aggregated forms.

Several models for amyloid fibril formation have
been suggested based on monitoring fibrillogenesis via
microscopy, spectroscopic techniques and/or the binding of
amyloid-specific dyes (Collins et al. 2004). As general rule,
after the rate-limiting step of nucleus formation, growth of
aggregates proceeds rapidly by further addition of monomers
or other assembly-competent species. Whereas the formation
of the nucleus is thermodynamically unfavourable, its
subsequent elongation is highly favourable and proceeds
rapidly to the ultimate fibril structure. By contrast, assembly
of spherical oligomers and other prefibrillar forms occurs
with nucleation-independent kinetics, and results in the
formation of spherical particles. In the case of f,m amyloid

J. Biosci. 34(2), June 2009

fibril formation, this has been extensively studied (Smith
et al. 2006). While the incubation of native f,m at pH 7
does not result in fibril formation in the absence of fibrillar
seeds, incubating f,m at pH values close to the isoelectric
point (pl) results in the formation of amorphous aggregates,
while at low pH values, worm-like fibrils (around pH 3.6)
or long straight fibrils (around pH 2.5) are formed. These
states represent thermodynamic ground states on the energy
landscape. Assembly of f,m into amyloid-like fibrils at low
pH involves significant conformational rearrangement from
the initially highly dynamic, unfolded monomer at very low
pH (Platt ez al. 2005) to the compact, stable cross-f structure
of amyloid. In the case of AS(25-35), the peptide is able to
aggregate at both neutral and acidic pH, but the aggregates
show different properties. The aggregation kinetics of
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Figure5. (A)Kinetics of aggregation of 63 ug/ml AB(25-35) in unseeded conditions, resulting from incubation in H,O at pH 3.0 and at pH
7.4. AB(25-35) was mixed with 20 mM CR at pH 7.4 and incubated at room temperature. The absorbance spectra were recorded in kinetic
mode at 403 nm and 541 nm until the complex CR—Ap precipitated on the cuvette bottom. Lines represent the kinetics of spontaneous
Af(25-35) aggregation. Kinetics of 63 ug/ml Af(25-35) aggregation made in seeded conditions at pH 3.0 is also presented to point out
the difference between the seeded and unseeded conditions (see also figure 3 for Af(25-35) aggregation at pH 7.4 in seeded conditions).
Data represent the mean absorbance measurements of at least three independent experiments (N>3). Bars indicate standard deviations.
(B) Seeding ability of various Af(25-35) aggregates. Reaction solutions of trifluoroacetic acid (TFA)-treated (see Materials and methods)
AP(25-35) (63 pg/ml) in water (pH 7.4) at 25°C were seeded with 6.3 pg/ml (10% w/w) of Af fibrils previously formed at pH 3.0 from an
unstirred pH 3.0 reaction (i_}); equally, reaction solutions of TFA-treated Af(25-35) (63 ug/ml) in buffer (pH 3.0) at 25°C were seeded with
6.3 ug/ml (10% w/w) of Ap fibrils previously formed at pH 7.4 from an unstirred pH 7.4 reaction (€ ); the no added aggregate reaction of
Ap(25-35) in water at pH 7.4 is also shown to highlight the seeding efficiency of preformed aggregates (4 ).

Ap(25-35) shown by Th-T and CR experiments were in  fibrils. This may be due, at least partially, to the tendency of

exact agreement but there was a rapid decrease in Th-T
fluorescence after reaching a maximum value. Generally,
the time course of fibril formation, as monitored by Th-T
binding, follows a sigmoidal curve. The prefibrillar nuclei
(early oligomeric species) do not bind Th-T. They form
during the lag time which is followed by the fibril elongation
phase corresponding to an increase in the dye’s fluorescence.
The subsequent plateau phase is associated with a decrease
in the concentration of small species, or the aggregation and
precipitation of fibrils (Ban et al. 2003). The time course
of Th-T fluorescence upon interaction with Af(25-35) may
reflect other processes in addition to the formation of amyloid

Ap(25-35) to assemble in large conglomerates of tangled
fibrils that may have a reduced Th-T-binding capacity,
and this process is likely to be time-dependent at a set
temperature (LeVine 1997), analogous to the temperature-
induced ‘precipitation’ of insulin fibrils. The decrease in Th-
T fluorescence over time after reaching a maximum may be
also attributable to unstable fibrillar aggregation of AS(25-
35), which might have reduced the number of fibrils in favour
of amorphous aggregates. How the molecular characteristics
of the precursor state and different kinetic routes influence
the assembly reaction and ultimate fibril morphology will be
the subject of future investigations. To this end, it may may
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be important to point out that, according to the ‘nucleated
conformational conversion’ (NCC) model of aggregate
formation (Serio ef al. 2000), a group of monomers initially
present in solution coalesces to form ‘molten’ oligomers,
which undergo a reorganisation process in succession and
eventually give rise to more highly organized structures
and fibrils rich in S-sheets. Thus, amyloid fibril formation
is considered to be a consequence of the ability of the main
chain of a protein to form hydrogen bonds; this property
is common to all polypeptide chains and the competition
between hydrophobicity and hydrogen bonding is a major
determinant of the aggregation process. The hydrophobicity
of the AB(25-35) peptide is not sufficient to drive an initial
coalescence step, and the peptide can otherwise form
ordered aggregates in a single step, driven by the formation
of hydrogen bonds. This oligomerization of the AS(25-35)
fragment, driven by hydrogen bond formation, may lead
to oligomers with a small number of extended f-sheet
structures. Evidence for the importance of the competition
between hydrogen bonding and hydrophobic interactions
in the aggregation process has been found in studies in
which changes in solution conditions result in a change
in the hydrogen bonding interactions and subsequently in
aggregates with similar f-sheet content but with distinct
morphological features (fibrillar or not) (Calamai 2005).
By extension, the discrepancy observed in the present study
between CR and Th-T experiments can also account for the
observation of inherent structures of species formed prior
to the mature fibrils. A basic understanding of the role of
the initial solvent in determining the aggregation rate,
extent and modality of AS(25-35) self-assembly will help
to comprehend the pathway and key steps of AB(25-35)
association.

The conditions in the brain are different from those
in the in vitro experiment described here and the actual
aggregation kinetics will differ. However, it is very likely
that this amyloid fragment also aggregates rapidly in the
brain, and that changes in the actual aggregation process
could result in the formation of aggregated structures that
may have powerful effects on synaptic activity. We cannot
be entirely specific regarding the particular species involved
in the toxicity, but this assumption derives from detailed
biophysical studies aimed at identifying the formation of
smaller oligomeric species at earlier stages of the amyloid
aggregation process. Moreover, the significant toxicity of
the early intermediates of AS(25-35) fibrils toward different
kinds of cells (myoblasts, neurons, red blood cells) suggests
that morphologically, it is the small oligomeric species
rather than the large fibrillar aggregates that are toxic
(Korczyn 2008).

Finally, the actual aggregation state would be another
important variable affecting the results of neurodegenerative
processes induced by f-amyloid fragments.
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