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Abstract: A chemical, structural and biological study on the β-amyloid peptide β12–28 is reported which
was carried out in order to assess the feasibility using this peptide fragment as a model of the natural
β-amyloid protein. The aggregation properties of β12–28 have been investigated by pulse field-gradient NMR
spectroscopy, Fourier transform infrared spectroscopy and transmission electron microscopy. The results
obtained suggest that β12–28 behaviour is comparable to that of the natural β-amyloid protein although
kinetically slower. Translational diffusion coefficients obtained by NMR on an aged β12–28 solution suggest
that the soluble peptide fraction is composed of oligomeric intermediates adopting an extended ellipsoidal
assembly rather than a spherical one. The β12–28 peptide proved to be cytotoxic in PC12 cell cultures
as monitored by the MTT assay, although a lack of reproducibility was observed in the dose-response
experiments. Copyright  2002 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Alzheimer’s disease is the most common form of
senile dementia. This syndrome is becoming of
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Biomèdica de Barcelona, IRBB-PCB, Josep Samitier 1, 08028
Barcelona, Spain.
Contract/grant sponsor: La Caixa de Pensions; Contract/grant
number: 99/036-00.
Contract/grant sponsor: FEDER; Contract/grant
number: 2FD97.0267.
Contract/grant sponsor: CICYT; Contract/grant number: SAF
2001-0067.
Contract/grant sponsor: Fundació la Marató de TV3; Con-
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paramount importance due to the increase of life
expectancy in developed countries. The hallmark of
Alzheimer’s disease is the extracellular deposition
of amyloid plaques in the brain. A great deal of
evidence, coming from genetic and neuropathologic
studies, suggests that accumulation of neuritic
plaques is central to the pathogenesis of the
disorder [1]. The major component of senile plaque
cores is a 42 amino acid protein called β-amyloid
protein (β1–42, see Figure 1). Other variants are
also present, such as β1–40 which is present in
cerebrovascular plaques together with β1–42, β1–39,
and truncated versions βx−42 (x = 2–11)

Despite incomplete understanding of the mech-
anism of the disease, several general therapeutical
strategies have been suggested to essentially regu-
late or reduce β-amyloid protein production, aggre-
gation and cytotoxic effects [2]. In this context, the
search for compounds that could prevent βA fibrillar
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Asp1-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val12-His-His-Gln-Lys-Leu-Val-Phe-

Phe-Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys28-Gly-Ala-Ile-Ile-Gly-Leu-Met-Val-Gly-Gly-Val-

Val-Ile-Ala42

Figure 1 Sequence of β1–42 amyloid protein. The sequence of the model β12–28 peptide is highlighted.

aggregation is a subject of intense research in order
to delay or control the evolution of Alzheimer’s
disease. This approach requires access to consider-
able amounts of the protein. Although commercially
available, βA protein is expensive and different com-
mercial sources have been reported to yield different
toxicity and aggregation properties [3]. Synthesis is
also difficult and usually provides small amounts of
protein due to low synthetic and chromatographic
overall yields. Thus, the search for peptide models
that were easy to prepare and handle, and could
reproduce the fibrillogenic aggregation process of
natural βA is of great interest in order to speed up
the development of inhibitory drug candidates and
to reduce the costs of the research.

Several synthetic peptide fragments have been
described in the literature as models of β-amyloid
protein [4]. Most of them include the central
hydrophobic part of the protein (residues 17–21)
which has been proposed to be important in the
fibrillogenic properties of the protein [5]. Within
this context, the peptide sequence corresponding
to amino acid residues 12–28 (β12–28) has gath-
ered considerable interest in the past years. The
peptide β12–28 forms fibrillar structures similar to
those found for the natural protein [6,7]. Recently,
a detailed NMR study has shown that β12–28 solu-
tion behaviour is reminiscent of the early stages of
the fibrillogenesis process [8,9]. Furthermore, it also
shows a remarkable biological activity. It has been
suggested that β12–28 may exert dysregulatory cog-
nitive effects by means of a defective coordination
of potassium channel function in nerve, glia and
endothelial cells [10].

In this article, a detailed study of β12–28 aggre-
gation and cytotoxic properties is presented. The
advantages and limitations of using this peptide
fragment as a model of the β-amyloid protein is
finally discussed.

MATERIALS AND METHODS

Peptide Synthesis

Fmoc-protected amino acids were purchased from
Novabiochem (Läufelfingen, Switzerland) and Per-
septive Biosystems (Framingham, Massachusetts).

TBTU, Fmoc-AM handle and resin MBHA were
also obtained from Novabiochem whereas HOAt
and PEG-PS resin were from Perseptive Biosys-
tems. Chemical reagents DIPCI, HOBt, triethylsilane
and DMAP were from Fluka (Buchs, Switzerland).
Manual and continuous flow peptide syntheses (Mil-
ligen 9050 PepSynthesizer) were performed follow-
ing standard procedures unless otherwise stated.
Amino-functionalized resins were derivatized with
AM linker (Novabiochem) and contained Ile as
the reference amino acid. Manual synthesis con-
sisted of the following steps: (i) resin washing with
DMF (5 × 30 s); (ii) Fmoc removal with 20% piperi-
dine/DMF (1 × 1 min + 2 × 7 min); (iii) washing with
DMF (5 × 30 s); (iv) acylation with Fmoc-protected
amino acid (4 times of excess of Fmoc amino
acid and activating reagent in minimum amount of
DMF; (v) washing with DMF (5 × 30 s) and CH2Cl2
(5 × 30 s); (vi) Kaiser’s test (with a peptide-resin
sample); (vii) DMF washing (5 × 30 s). Acylations in
the continuous-flow syntheses were similarly carried
out using a 4 times excess of reagents and the reac-
tion time was set to 45–60 min. Cleavage of peptides
was carried out by acidolysis with TFA using tri-
ethylsilane and water as scavengers (94 : 3 : 3, v/v/v)
for 60–90 min. TFA was removed with N2 stream
and the oily residue precipitated with dry ether.
Peptide crudes were recovered by centrifugation
and decantation of the ether phase. The solid was
redissolved in 10% AcOH and lyophilized. The homo-
geneity of crudes was assessed by analytical HPLC
employing Nucleosil C18 reverse phase columns
(4 × 250 mm, 5 µm of particle diameter and 120 Å
pore size). Elution was carried out at 1 ml min−1

flow with mixtures of H2O-0.045% TFA and MeCN-
0.036% TFA and UV detection at 220 nm. Peptides
were purified by preparative LC in a medium pres-
sure system using glass columns (250 × 25 mm)
packed with Vydac-C18 (15–20 µm particle size)
and eluting with H2O-MeCN-0.05% TFA mixtures
at a flow of 120 and 180 ml/h and UV detection
at 220 nm. Capillary electrophoresis was performed
in an Applied Biosystems 270 instrument using
a citrate solution pH = 2.53, 5–20 Kv voltage and
detection also at 220 nm. Peptides were finally char-
acterized by amino acid analysis with a Beckman
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6300 analyser and by MALDI-TOF or electrospray
mass spectrometry with a Bruker model Biflex III
or a FisonsVG-Quattro instruments, respectively.
Characterization of β12–28 was carried out by amino
acid analysis (Asx 2.1 (2), Ser 0.8 (1), Glx 2.3 (2), Gly
1.1 (1), Ala 1.0 (1), Val 2.8 (3), Leu 1.0 (1), Phe 2.0
(2), His 1.8 (2), Lys 2.0 (2)) and mass spectrom-
etry (C89H136N26O24, theoretical = 1953.02 g/mol;
found: MALDI-TOF 1954.40 (M + 1); ES = 1954.19
(M + 1)).

Sample Preparation Protocol for Aggregation
Experiments

Amyloid β12–28 peptide samples freshly purified
and lyophylzed from H2O-0.05% TFA and MeCN-
0.05% TFA mixtures were dissolved in filtered
(0.45 µm pore size) PBS buffer solutions (10 mM

sodium phosphate, 100 mM NaCl, pH = 7.4) at an
approximate concentration of 0.4 mM (calculated by
amino acid analysis) using Eppendorf vials (dust
was eliminated with an argon stream). The solution
was maintained at 37 °C until a precipitate was
observed (10–30 days). For the NMR experiments,
β12–28 was dissolved in aqueous (10% D2O in H2O)
PBS at a concentration of 0.9 mM (calculated by
amino acid analysis).

NMR Diffusion Experiments

Diffusion coefficients were obtained from 1H-NMR
spectra using a stimulated echo sequence [11]
in a Bruker Avance DMX-500 equipped with a
tripled resonance probe with z-axis gradients. The
temperature of the experiment was 298 K and was
calibrated with the Bruker’s batman software using
a 4% methanol sample in methanol-d4.

Each experiment consists of nine echo spectra
where the intensity of the magnetic field gradient
increases progressively until the signal intensity of
selected resonances (in this case, methyl resonances
of valine and leucine, between 0.6 and 0.9 ppm)
reaches a value which is 10% of the initial one.
The resulting value of G applied ranged between
0.025 Tm−1 and 0.425 Tm−1. The values of δ and �

were optimized for water and held constant for the
whole experiment (δ = 0.007 s and � = 0.110 s).

Apparent translational diffusion coefficients were
obtained by non-linear fitting of the maximum line
intensities of the methyl region (I ) at different field
gradients to the Stejskal-Tanner equation:

I = I0 exp
[
−γ 2G2Dtδ

2

(
� − δ

3

)]

where I0 is the signal intensity in the absence
of gradients, Dt is the diffusion coefficient for
unrestricted translational diffusion of a molecule in
an isotropic medium, γ is the gyromagnetic constant
(for proton, γ = 26.752 × 107 rad T−1 s−1), G is the
gradient of the magnetic field, δ is the duration of
the field gradient and � is the diffusion delay.

For roughly spherical objects, the translational
diffusion coefficient Dt is related to the molecular
hydrodynamic radius Rh according to the Stokes-
Einstein equation:

Dt = kbT
6πηRhF

where kb is the Boltzman constant, T is the absolute
temperature, η is the viscosity, Rh is the hydro-
dynamic radius of the molecule and F is a shape
factor (F = 1 for a sphere). Other equations apply
for objects of cylindrical or ellipsoidal shape [12].

Electron Microscopy

Transmission electron microscopy was performed on
a Philips EM 301 microscope working at 80 Kv or
a Hitachi H 600 AB model at 75 Kv. Suspensions
of β12–28 peptide were deposited in Formvar coated
copper grids (300–400 mesh size) for 30 to 120 s,
excess solution was drained off with filter paper
(Whatman number 5) and stained with uranyl
acetate (2% w/v in water, 30 s).

FT-IR

IR spectra were collected on a Nicolet 510 FT spec-
trophotometer at 4 cm−1 resolution. Samples that
solidified as a gel were obtained by centrifugation
of aged solutions of peptide in phosphate buffer
(10 mM, pH 7.4) using D2O. Peptide gels were applied
onto BaF2 cell windows and dried under a heat lamp.
Spectra (10 scans averaged) were recorded directly
on peptide films.

Cell Culture Assays

PC 12 pheochromocytoma cell lines were rou-
tinely cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum,
5% horse serum, 1% glutamine and 1% peni-
cillin/streptomycin. Exponentially growing cells
were plated at 30 000 cells per well per 100 µl of
fresh medium in 96-well tissue cultures plates.

Toxicity assays were carried out by measurement
of MTT reduction. Two days after plating cells
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were treated with different concentrations of aged
β12–28 peptide. After 22 h, MTT (5 mg/ml) was
added and incubation was continued for a further
2 h. Cells were lysed and after 24 h at 37 °C,
colorimetric determination of MTT reduction was
made at 550 nm. Positive controls consisted of cells
in culture medium. Assay values obtained with these
controls were taken as 100% viability.

RESULTS

Synthesis

In spite of the high degree of optimization and
development achieved in peptide synthesis, some
sequences still remain troublesome. Sequences that
involve subsets of hydrophobic and β-branched
amino acids (such as transmembrane sequences)
are difficult to assemble probably due to intermolec-
ular association and aggregation of the growing
resin-bound peptide [13,14]. The β-amyloid protein
contains such a type of sequence in the C-terminal
end. In addition, the sparing solubility of βA in
both aqueous and organic solvents makes purifica-
tion a laborious task and usually it results in low
recovery yields.

A peptide fragment, β12–28, was chosen to investi-
gate structurally and biologically its suitability as a
model of the natural β-amyloid protein. The prepa-
ration of β12–28 was not straightforward though,
and required some optimization effort. Initially, the
assembly of this peptide in its C-terminal amide
form was performed manually following essentially
a standard Fmoc/tBu chemistry protocol with car-
bodiimide/HOBt activation of the carboxyl function
of amino acids. An AM-MBHA-polystyrene resin with
a functionalization of 0.45 mmol/g resin was used.
The last three residues, His14 to Val12, were recou-
pled with TBTU/DIEA since a slightly positive Kaiser
test was obtained. HPLC purification of the crude
yielded an apparently homogeneous product by ana-
lytical HPLC. Surprisingly, MALDI-TOF mass spec-
trometry analysis of the purified fraction showed
two peaks. In addition to the expected product, a
contaminant with an M-128 mass was detected.
Initially, two deletion compounds were considered
as potential byproducts: a peptide lacking either
a lysine or a glutamine. Capillary electrophoresis
allowed both peaks to be separated as shown in
Figure 2. The similarity of the retention times of both
peptides suggests that glutamine and not lysine was
missing in the byproduct. A lysine deletion would

have implied the loss of a positive charge in the
molecule leading to very different HPLC and elec-
trophoretic mobilities.

In order to avoid the formation of the deletion
peptide, an improved synthesis protocol was neces-
sary. Initially, an automatic continuous-flow synthe-
sis was undertaken employing a TBTU/HOBt/DIEA
activation protocol (4 times excess of reagents and
60 min acylation time). The amount of M-128 mass
byproduct decreased substantially but not to satis-
factory levels (data not shown). In a third attempt,
a mixed strategy was considered. In this case,
a PEG-PS support with a lower functionalization
(0.17 mmol/g resin) was used to reduce the risk
of intermolecular aggregation of growing peptide
chains. The first 14 residues (from Lys28 to Gln15)
were assembled automatically. A single coupling
(45 min recirculation time) using TBTU/HOBt/DIEA
(5 : 5 : 10) was applied to the C-terminal sequence
Phe20-Lys28. A systematic double acylation protocol
employing TBTU/HOAt/DIEA (5 : 5 : 10) was applied
to the segment including Phe19 to Gln15 At this
point, the synthesis was continued manually. To
avoid the eventual growth of peptide chains lacking
a Gln15 residue, exhaustive acetylation of unreacted
amino groups was carried out. The remaining amino
acids were assembled checking the completion of
reactions with the Kaiser’s test. Double couplings
were necessary for the remaining three amino acids.
At the end of the synthesis, the HPLC purified
product was analysed by capillary electrophoresis
showing that the proportion of the deletion byprod-
uct decreased to values around 1% (Figure 2). Mass
spectrometry analysis by MALDI-TOF also confirmed
the obtention of the desired product and the practi-
cal absence of the M-128 signal.

NMR Diffusion Experiments

Pulsed-field NMR spectroscopy is a well-established
technique to measure diffusion coefficients of
soluble, low to medium molecular weight com-
pounds [8,15,16]. The diffusion coefficient of a com-
pound is a solvodynamic property that depends on
the molecular size and shape of the sample in addi-
tion to the environment conditions (solvent, temper-
ature, etc). Hence, this technique could be useful
to study the aggregation of amyloidogenic peptides
particularly in the early stages of the process.

Series of pulsed-field gradient NMR experiments
were repeated over a week’s period on a sample
of β12–28 peptide in aqueous buffer containing
10% D2O. The apparent translational diffusion
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A B

C

Figure 2 HPLC (register A) and CE (register B) of purified β12–28 corresponding to the first synthesis. HPLC elution
conditions: 10% to 40% of B in 30 min (A = H2O-0.045% TFA; B = MeCN-0.036% TFA). CE elution conditions (B): citrate
buffer, pH 2.53, injection 10 s/voltage 10 Kv. Register C corresponds to the third and successful synthesis of β12–28. CE
elution conditions (C): citrate buffer, pH 2.53, injection 1 s, voltage 5 Kv (see text for explanation).

coefficients Dt decreased as a function of time
in a non-linear way as shown in Figure 3. The
intensity of the spectra obtained without gradients
was reduced up to ca. 50% of the initial value at
the end of the 7 days experiment. The appearance
of the sample at this stage was that of a highly
gelatinous suspension. An amino acid analysis
of the sample after centrifugation revealed that
approximately half of the peptide was still not
precipitated. Thus, NMR is sampling the peptide

population that is not sedimented by centrifugation,
with practically no contribution from very high
molecular weight species.

The translational diffusion results show that in
the first hours (day 0), the soluble fraction is com-
posed mainly of monomer species. Interestingly, the
soluble fraction progresses toward higher molecular
weight oligomers with time approaching a plateau
value with Dt ∼ 0.30 × 10−10 m2 s−1 towards the end
of the experiment. For a spherical particle, this
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Figure 3 Diffusion coefficients of β12–28 soluble fraction over a week’s period.

Table 1 Diffusion Coefficient and Molecular
Hydrodynamic Radius (assuming F = 1) of
β12–28 Soluble Fraction

Time (days) Dt (10−10 m2 s−1) Molecular
radius (Å)

0 2.4 16
1 1.1 35
3 0.7 59
7 0.3 126

corresponds to a molecular hydrodynamic radius
of 126 Å, an eight-fold increase from the initial
value (see Table 1). For a uniform density particle
this would imply a 500-fold increase in molecular
weight that would lead to a very broad unobserv-
able NMR signal. Assuming an aggregation geometry
in which spherical particles pack linearly to form
a cylinder with the same diameter of the start-
ing particle but increasing length, diffusion coeffi-
cients of 0.3–0.5 × 10−10 m2 s−1 would be expected
for oligomers with 12–25 units. Similar aggregation

numbers are obtained assuming an ellipsoidal shape
with the minor diameter set by the molecular dimen-
sion of the monomer. As the aggregation number
increases, diffusion coefficients become very insen-
sitive to further increases in the molecular weight.

FT-IR Spectroscopy

Fourier transform infrared spectroscopy can provide
qualitative and semiquantitative information about
the secondary structure of peptides and proteins
both in solution and in the solid state. The amide
carbonyl stretching band (amide I band) is sensitive
to the secondary structure of the polypeptide
chain [17]. In the present study, FT-IR was used to
investigate the conformation of β12–28 in the fibrillar
aggregates. Thus, a film of the peptide in the gel
state (precipitated from a D2O buffered solution)
was analysed and the infrared spectrum obtained is
displayed in Figure 5. A strong absorbance centered
ca 1621 cm−1 is observed which corresponds to
the amide I band (in H2O is shifted to slightly
higher wavenumbers). This feature is characteristic
of a homogeneous intermolecular β-sheet structure.
Furthermore, the weak absorbance that appears as

monomer dimer ...oligomers NUCLEUS protofibrils fibrils

micelles

Figure 4 Nucleation-dependent mechanism of βA aggregation [4,30].
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Figure 5 FT-IR spectrum of a film of β12–28 peptide in
the gel state (precipitated from a D2O buffered solution).
The position of the amide I band and the weak shoulder
absorbance at ca. 1690 cm−1 are in perfect agreement with
the antiparallel cross-β pleated sheet secondary structure
postulated for natural β-amyloid proteins.

a shoulder at ca. 1690 cm−1 is considered to be
a diagnostic for an antiparallel arrangement of the
β-structure [18]. The broad absorption band around
1655 cm−1 may be attributed to asparagine and/or
glutamine amide side chains.

In summary, the FT-IR spectrum obtained for
β12–28 is in perfect agreement with the structure
generally accepted for natural βA when aggregated
in the amyloid state, i.e. a cross-β pleated sheet
secondary with strands assembled presumably in
an antiparallel fashion and oriented orthogonally to
the fibril axis [4].

Transmission Electron Microscopy Studies

The peptide β12–28 has already been shown in the
literature to form fibrils in aqueous solutions. The
fibrils obtained were shown to be birefringent on
Congo Red binding and displayed a similar morphol-
ogy to those obtained with fibrils from AD brains.
In fact, this was one of the main reasons why this
sequence was chosen as a putative β-amyloid model
in the present study. The amyloidogenic proper-
ties of β12–28 could be confirmed in this work.
Analysis by transmission electron microscopy of
aggregated/precipitated peptide samples obtained
from aqueous solutions showed the typical fib-
rillar structure of β-amyloid peptides (Figure 6).

In our hands though, fibrillar precipitates were
often accompanied by variable amounts of amor-
phous aggregates. Similar results have also been
described elsewhere [19]. Furthermore, obtention
of precipitates from PBS solutions at concentra-
tions around 300–400 µM required unpredictable
amounts of time, from 10 to 30 days approximately.

Morphology of fibrils showed some variability in
the different batches prepared in spite of the control
of experimental variables (pH, type of buffer, ionic
strength, temperature) including those related to
the sample’s record (purification and lyophilization
conditions of the purified sample. . .) [3]. In some
cases, the fibrils obtained were reminiscent of those
expected for amyloid aggregates. In other cases,
their appearance looked like tapes or ribbons.
Sometimes, they also appeared as intricate bundles
of many fibrils (Figure 6). Length and thickness
of fibrils were also variable. Generally speaking,
all these observations correspond well with the
different morphologies reported in the literature
for β-amyloid aggregates. In fact, different studies
seem to indicate that longer β-amyloid peptide
fragments tend to yield fibrils akin to natural ones
while shorter peptides produce fibrillar structures
of varying diameters, thinner or thicker than typical
AD fibrils. Several examples showing fibrils as
thin filaments or as broad multiple-assembled
ribbons are available in the literature. Altogether,
heterogeneity in fibril assembly may be explained by
the generally accepted mechanism of β-amyloid fibril
organization by which peptide chains can assemble
into subprotofilaments, protofilaments, filaments
and finally fibrils (Figure 4) [19,20].

Cellular Toxicity Assays

The cytotoxic effects of β12–28 peptide fragment were
studied on rat pheochromocytoma cell line cultures
(PC12). This line of cells is an adequate model to
investigate cytotoxicity caused by β-amyloid since
it is highly sensitive to this family of peptides
and even the morphological features characteristic
of apoptotic death have been observed in this
biological system [21]. Cell viability was measured
using the MTT assay. This test is widely used
as a parameter of cell survival and proliferation.
MTT, a pale yellow compound, is transformed into
a blue formazan product by mitochondrial enzymes.
Generally speaking, a decrease in the formation
of such blue dye is understood as impairment
in the enzymatic activity of mitochondria without
necessarily implying cell death, although it can
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Figure 6 TEM of β12–28 aggregates. Different morphologies may be obtained such as isolated fibrils (right) or bundles of
them (left).

finally progress to this point. Lately, though, it has
been suggested that the β-amyloid peptide alters
cell membrane integrity making cells vulnerable
to additional toxic insults such as the formazan
product generated by MTT reduction [22].

Regarding β12–28 effects on cell viability, differ-
ent levels of toxicity were evidenced depending on
the aggregation state of peptide. Thus, freshly pre-
pared solutions of β12–28 were non-toxic as expected,
while aged solutions produce generally significant
decreases in the MTT mitochondrial reduction by
PC12 cells. In Figure 7, a typical dose-response
curve showing a sigmoidal decrease of cell mitochon-
drial activity with increasing β12–28 concentration is
displayed. Unfortunately, this was not always the
case in the different assays performed. The cyto-
toxic studies showed a similar kind of behaviour to
that described above for the TEM studies. In spite of
very careful control of all the experimental parame-
ters (including the sample treatment), dose-response
curves were poorly reproducible. In contrast with
the curve displayed in Figure 7, other experiments
resulted in non-sigmoidal dose-response depen-
dence and/or smaller decrease in the toxicity at
high concentrations.

DISCUSSION

Synthetic peptides have proven to be valuable
tools in the systematic study of the assembly and
organization of β-amyloid fibrils as well as in the
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Figure 7 Cytotoxicity of aggregated (aged) β12–28 peptide
in PC 12 cell cultures. A decrease in the reduction of MTT
is an indicator of impairment in the enzymatic activity of
mitochondria and thus of cell survival and proliferation.
Data are expressed as % control values and are the
arithmetic mean ±SD of 9 replicates.

mechanistic aspects of amyloidogenic aggregation
in vitro [4]. Many synthetic peptide fragments have
been used to reproduce the behaviour of the natural
protein, although the cytotoxicity of many of them
remains unknown.

Generally speaking, β-amyloid truncation or
amino acid substitution alters the process of peptide
assembly and kinetics. Nevertheless, peptides as
short as nine residues are able to form fibrils, such
as β34–42 [23]. Peptide fragments corresponding to
the N-terminal, C-terminal or the central region of
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the protein have also been shown to produce amy-
loid aggregates. Some of the most studied include
β1–28, β34–42, β12–28 and β10–35. Morphology has also
been observed to depend on the length of the pep-
tide, with longer sequences yielding fibrils more
similar to those obtained with natural varieties.
One particularly interesting peptide derived from
the β-amyloid protein is the fragment β25–35. Like
many of the other peptide models, β25–35 is not
found naturally in the AD brain yet it has been
widely demonstrated that it produces toxic effects
similar to the natural sequence β1–42, even when
freshly prepared. Surprisingly, the C-terminal ami-
dated version is non-toxic. These facts led recently to
the proposal of a different hypothesis to explain the
toxicity of β25–35, based on a radical oxidative mech-
anism involving the C-terminal methionine rather
than on the biological effects caused by an ordered
array of assembled peptide chains. However, the
role of Met35 in this hypothetical radical mechanism
is controversial [24]. Altogether, these precedents
prompted us to choose a non-methionine contain-
ing peptide sequence, such as β12–28, as a model of
β-amyloid protein. The results obtained confirmed
that β12–28 shows aggregation properties akin to
its natural counterpart, yielding fibrillar structures
as evidenced by TEM (Figure 6). Furthermore, FT-
IR proves that β12–28 fibrillar aggregates adopt an
antiparallel β-structure.

A pulse field-gradient NMR kinetic experiment
showed that the soluble fraction is mainly com-
posed of monomeric β12–28 in the beginning of the
experiment as judged by the value of the diffu-
sion coefficient (Dt = 2.35 × 10−10 m2 s−1; molecu-
lar hydrodynamic radius = 16 Å). This is in perfect
agreement with data recently reported in the lit-
erature for β1–40 [8,15]. A diffusion coefficient of
1.5 × 10−10 m2 s−1 has been found for this protein
which corresponds with the monomer/dimer aggre-
gation states [25]. The aggregation state of β12–28,
though, progresses toward higher molecular weight
species with time (Figure 3). At the end of the
7 day experiment, the diffusion coefficient reaches
a plateau with a value of 0.3 × 10−10 m2 s−1. This
small value is not compatible with a globular type of
aggregate as its hydrodynamic radius (126 Å) would
imply a molecular weight unobservable by NMR.
In this case, an ellipsoidal type of aggregate would
adjust better to this experimental result. More pre-
cisely, an extended array of 12–25 packed β12–28

peptide chains would be compatible with such a
diffusion coefficient. In the literature, oligomeric
intermediates have also been suggested for β1–40

and β1–39 aggregation processes, such as ring-like
structures consisting of pentamers/hexamers or
octamers, according to quasielastic and static light
scattering studies. These ring-like structures were
proposed to act as aggregation nuclei and later poly-
merize by incorporation of additional β-sheet dimers
to finally produce fibrils [26,27].

In spite of the fact that only the early stages of
fibrillogenesis are observed by pulse field-gradient
NMR, the study of changes in the time evolution
or population of associated βA molecules could
be of great help to study the efficacy and role of
fibrillogenesis inhibitors. In fact, it has recently been
suggested that oligomeric states are the intermedi-
ates responsible for neurotoxicity (sinaptotoxicity)
rather than the high molecular aggregates and fib-
rillar structures [28,29].

As far as its biological activity is concerned,
we observed that β12–28 is indeed cytotoxic to
PC12 cell cultures as monitored by the impairment
of the mitochondrial function. Inhibition of MTT
reduction may be a primary causal event in
a cascade of degenerative signalling mechanisms
that ultimately results in cell death. In spite of
this qualitative result, a lack of reproducibility
in the dose-response dependence and potency of
β12–28 cytotoxicity was evidenced in this study.
We believe this erratic behaviour could be related
to the variable amounts of fibrillar vs amorphous
aggregates obtained in the different experiments
carried out. This fact, unfortunately, prevents the
systematic use of β12–28 in the screening and
evaluation of potential inhibitors of β-amyloid
fibrillar aggregation and cytotoxicity.

In summary, the β12–28 peptide fragment has been
shown to be a synthetically convenient model of the
natural β-amyloid protein for the biophysical studies
of the fibrillar aggregation process. In addition, aged
β12–28 is toxic to PC12 cell cultures. However, the
poor reproducibility of the toxicity profile hampers
its systematic use for the quantitative assessment of
the inhibitory effects of potential βA fibrillar aggre-
gation inhibitors. This complex biological behaviour
may be attributed to the variable amounts of fib-
rillar vs amorphous aggregates as well as to the
variety of morphologies obtained in the different
preparations.
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