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Abstract Alzheimer’s disease is a multifactorial neuro-
degenerative disorder characterized by the pathological
brain deposition of neurofibrillary tangles and senile pla-
ques. The latter consist mainly of insoluble f-amyloid (Af)
fibril deposition. Al aggregation and deposition can be
increased by several factors, including metal ions. In this
study we investigated the role played by metal ions in
affecting Af oligomerization in the presence and in the
absence of its hydrophobic fragment Ap;_5g. This was
done not as a physiological investigation, but as a para-
digmatic study to confirm the key role of Af superficial
hydrophobicity as a relevant aggravating factor that con-
tributes to the toxicity of A and Af-metal complexes.
The structural conformations of Afi—metal complexes were
monitored through fluorescence and turbidity measure-
ments as well as transmission electron microscopy. Results
reported herein indicate that various metals differentially
influence Af conformation, with aluminum being the only
metal ion for which we are able to determine a dramatic
enhancement of peptide oligomer formation with a conse-
quent toxic effect. This scenario was further enhanced by
the presence of Af17_»g, which resulted in a marked tox-
icity in a neuroblastoma cell culture as a consequence of
the enhancement of the hydrophobicity of the amyloid and
amyloid-metal complexes.
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Introduction

Even though more than 100 years have passed since
Alzheimer’s disease (AD) was first described, there are still
no satisfactory explanations for the conditions that lead to the
primum movens and the consequent development of
the disease. Although the multifactorial character of the
disease makes it difficult to identify the potential etio-
pathogenetic contributory factors, histologically AD is
characterized by the loss of neuronal density in the cerebral
cortex, the presence of intraneuronal neurofibrillary tangles
(NFTs) consisting of hyperphosphorylated tau proteins (1)
[1], and senile plaques (SPs) formed by the extraneuronal
deposition of -amyloid protein (Af). Af is a byproduct of
the metabolism of a transmembrane precursor (A SPP), and it
is cleaved by two proteolytic enzymes called f- and
y-secretase. Recent studies have proposed that Af follows a
complex process of oligomerization/aggregation. This starts
with the formation of monomers, followed by soluble, low
molecular weight (LMW) oligomeric structures that exhibit
an increase in f-sheet content [2]. Oligomers associate rap-
idly to form higher-order insoluble aggregates called fibrils.
Fibrils are the main constituent of SPs, although the presence
of SPs is not necessarily an indication of AD. Recent evi-
dence underlines a strong association between histological
features of AD and dementia in patients in their mid-70s [3].
Nevertheless, many authors identify the important role
played by soluble A oligomers in the initial steps of AD, due
to the oligomers’ potent synaptotoxicity [4]. The progression
of Af aggregation is influenced by many factors, including
the presence of metal ions; many studies suggest that
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endogenous biometals such as copper, zinc and iron as well
as exogenous biometals such as aluminum play a potential
role in A ff aggregation and bio-availability [5]. Accordingly,
several reports have demonstrated a marked accumulation of
metal ions in the SP and in the neurophils of AD patients
[6, 7]; this evidence has been also quantitatively confirmed
by Leskovjan et al. [8] for copper, iron, and zinc. The Af
aggregation model is further complicated by other variables,
such as Afj;_4, hydrophobicity. Meanwhile, although the
role of lipophilicity in promoting Af_4, aggregation [9, 10]
seems to be clear, the importance of Af_4, surface hydro-
phobicity as a possible mechanism of toxicity has not been
sufficiently investigated. With this experimental model,
carried out using a nonphysiological Afj;_4, truncated frag-
ment as a hydrophobicity enhancer, we would like to stress
the importance of lipophilicity in promoting A f3;_4, toxicity,
mainly in the presence of metal ions.

Results and discussion

Fluorescence

Thioflavin T (ThT) is known to rapidly bind the f-sheet-
rich aggregated form of peptides. ThT fluorescence over
time for samples of Af;_4,, Af_4o—metal complexes and
ApBy7_og were examined.

A lag time prior to the formation of f-sheet structures
which occurs after ~5 h for both Aff;7_»g and Aff;7_,5 + Fe
was observed. The aggregation was enhanced in the presence
of the other metals tested. Al is the metal that most affects the
process. The absence of a lag time in the sample Af7_55 +
Al'may suggest the possibility of an immediate conversion of
monomeric Afij;,g into ThT-reactive species, such as
oligomers [14] and protofibrils [15].

Then we used ThT to follow changes in f-sheet content
in samples of Af_4/Af;_4—metal complexes to which
Af17_2g was initially added.

As shown in Fig. 1, the fluorescence of Afi_4 +
Af17_2g increased in a sigmoidal manner, indicating the
formation of aggregating structures. This curve is consis-
tent with a nucleation-dependent model [16]. The
nucleation phase was skipped and the elongation phase
emerged rapidly as soon as the two peptides interacted
with each other. This general trend is not observed for
either Af_4o-Fe + Af17_53 or for AB_4,—Cu + Af75s.
A marked increase in ThT fluorescence was observed in
APi_4—-Al + Af|7os compared with Af;_4—Al alone,
suggesting that the interaction between the oligomers of the
metal complex was involved in promoting nucleation
assembly. The fact that Af;_4,—Zn precipitated indicates
that the equilibrium of the protein species is shifted toward
the formation of amorphous aggregates. The mechanism
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Fig. 1 Time dependence of the fluorescence emission intensity of
ThT bound to Af3;7_»5 both in the absence and in the presence of Al,
Cu, Fe, and Zn at a concentration of 5 UM (a), to Af;_4o—metal
complexes (b), and to Aff;7,s in the presence of Apf;_4—metal
complexes ¢). The Afj7.2s, Af1 42, and Af;_4—metal complex
peptide concentrations were 5 pM. ThT (20 uM) fluorescence at
482 nm (Lexe = 450 nm) was followed for 24 h. The emissions due to
the free dye and buffer were subtracted. The data represented are the
mean £ SD of three individual experiments

was not reversible, since mixing the solution did not re-
suspend the aggregate. All samples (except Afi_4o—
Zn + Ap17_53) showed a sigmoidal curve characterized by
a ~3/5 hlag time, followed by a ~ 19 h period where ThT
fluorescence increased. After 24 h of incubation at room
temperature a plateau was observed.
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Afraz + Af172s,  Afrar-Al + Af172s, AP s
Fe + Aﬂ17728, Aﬁ142—cu + Aﬁ17723, and Aﬂ142—21’1 +
Af17_28 were each tested for surface hydrophobicity by
following the 8-anilino-1-naphthalene sulfonic acid (ANS)
probe. According to Uversky et al. [17], changes in ANS
fluorescence (an increase in intensity and a blue shift of the
emission maximum) are characteristic of the interaction of
this dye with the solvent-exposed hydrophobic clusters of
partially folded peptides and proteins.

Figure 2 shows that Af;_4»—Al induced an increase in
ANS fluorescence intensity and a blue shift of the emission
maximum compared with the other Af—metal complexes.
This implies that the peptide is converted into a more
folded conformation with solvent-exposed hydrophobic
clusters. This conversion was higher in the presence of
AB1_so—Al + ABy7 3.
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Fig. 2 Fluorescence emission spectra of ANS (25 uM) after interac-
tion with Aff7_»g both in the absence and in the presence of Al, Cu,
Fe, and Zn at a concentration of 5 pM (a), and with Af7_,g in the
presence of Af;_s,—metal complexes (b). Emission spectra were
recorded from 400 to 700 nm with excitation at 360 nm. The
[AP17-28]/[Af_42] ratio was equal to 1. The signals due to the free
dye and buffer were subtracted. The peptide samples (5 ptM) were left
to incubate for 24 h at room temperature, and then the fluorescence
was measured

Surprisingly, Afj4—Zn in the presence of Af;7.g
decreased its propensity to expose hydrophobic clusters.
Simultaneously, we did not observe any significant difference
in ANS fluorescence with Af_4—Fe, Af_4,—Cu, and Af_4,
alone in the presence of the Af§|_4, truncated fragment. In our
opinion, these more hydrophobic complexes can be consid-
ered a good model for studying the effects of hydrophobicity
in relation to Afj;_4>—metal complex toxicity. In fact, lipo-
philicity could play a crucial role in increasing the deleterious
effects of Af;_4—metal complexes.

Turbidity

To clarify the effect of Af;723 on AP _4o/Af_4—metal
complex fibrillization, aggregation was also assayed by
measuring the turbidity at 405 nm wavelength. A turbidity
assay gives information on the quantity but not the quality
of the aggregates.

First of all, the capacity of Af7_»g to create complexes
with metal ions was tested. When Al was present, there was a
dramatic increase in the Af};;_,g aggregation rate which
stabilized after 24 h of incubation. The other metals (Fe, Cu,
and Zn) exerted only negligible effects. Stabilization of the
aggregation process was observed after 24 h of incubation.

As for the role played by Afi;_ps in solution with
Af_4o—metal complexes, as suggested by ThT fluorescent
assay, the presence of Afl;;_»g stimulated aggregate for-
mation in the Afj_4—Al samples while the other
conditions were not affected, especially when compared
with Af_4—Al + AP 7_55. For Afj;_,5, we observed a
plateau in the aggregation process after 24 h, which was
also seen for Afj;_4,—metal complexes.

Transmission electron microscopy

To assess the morphology of aggregates formed in the
presence of Af7_»g, the peptide fragment was incubated
with Af;_4> and Af_4—metal complexes. Aliquots were
removed at time zero and after 24 h of incubation at room
temperature. In the presence of Af_4—Al + Afl;7_5, We
observed small spherical oligomers resembling those pre-
viously reported in the presence of Af;_4,—Al alone by
Drago et al. [18].

After 24 h of incubation, the presence of Af7_pg stim-
ulated the formation of protofibrillar structures that could
not be detected in the presence of Afj;_4,—Al alone (data
not shown). These spherical oligomers contained an
extended f-sheet structure, as detected by ThT fluores-
cence. Af};_4o—Cu + Af7_53 showed minimal aggregation
at time zero but started to aggregate into well-structured
fibrils after 24 h. Af|_4,—Fe + Af7_»5 appeared to form
small fibrils together with amorphous aggregates at time
zero; then, after 24 h, fibrils became the dominant
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species. These fibrils often formed large groups containing
randomly oriented fibers. At time zero, the samples
AP + Af 725 showed minimal aggregation, consistent
with the majority of Af being in nonaggregated form. A
significant increase in the rate of aggregation was observed
after 24 h and this correlated with the increase in ThT
fluorescence. Af1_4—7Zn + Af17_o3 showed no aggrega-
tion at time zero but a longer incubation period (24 h)
resulted in the appearance of fibrils, which seemed to
coexist with oligomers. Taken together, TEM images
suggested that the presence of Af;_,3 enhanced Af;_4»
and Af_spp—metal complex fibrillization, stimulating both
fibril elongation and nucleation. When the peptide was
present the type of aggregate formed seemed to be more
regular, but in the case of Af;_4—Al a lower rate of
aggregation compared with the other treatments was still
maintained after 24 h.

Toxicity to cell culture

We initially examined the concentration dependence of the
toxicity of Af17_25. SHSYSY were treated with Af;7 g in
a range of concentrations between 0.01 and 5 pM.

The toxicity to SHSYSY was evaluated by a standard
MTT assay. We found that the fragment concentration that
inhibits 50% (ICsg) of the cell viability was higher than
5 uM. The other concentrations tested showed no or min-
imal toxicity. The first nontoxic concentration was 0.1 pM.
Apfq7_og—metal complexes showed a negligible effect. We
also tested the toxicity of metal ions alone (at a concen-
tration of 5 ptM) to exclude the possibility that the effects
observed were due to the metal itself rather than the
complex; we did not observe any toxicity.

Then, to establish a structure—activity relationship, we
also determined the effect of Af;;_,s—metal complexes
(prepared by incubating Af3;7_»g with a 50 pM solution of
metal ions at a concentration ratio of 1:1). We had previ-
ously demonstrated [18] that the Af;_4—Al complex is
more effective at decreasing cell viability than Af;_4
alone or the other Af_y—metal complexes. Here we
showed that an interaction between Af_s—Al and Af 755
produced a new toxic species which was significantly more
toxic not only when compared with the control but also
when compared with Af;_4—Al. Simultaneously, we
observed that all the other treatments with Apf;_4—met-
als + Af17»3 showed a modest increase in cell toxicity
compared with Af;_4,—metal complexes alone. The latter
statement holds true except for Af;_4—Cu + AP 7_og; its
toxicity was significantly lower when compared with
Ap1_4—Cu alone.

Consistent with the MTT data, morphological changes
resulted in a reduction in the cellular body, neuritis, and
neuronal cell number. We can exclude the idea that the
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toxicity was due merely to the activation of apoptotic
pathways, because after 24 h of treatment, caspases 3 and 6
were not activated (data not shown). This implies that
Api_4 and its metal complexes use a different mechanism
of toxicity.

Scanning electron microscopy

Scanning electron microscopy (SEM) can give us a quali-
tative idea of toxicity of the treatment. We thus consider
SEM images to be complementary data to the data gained
through MTT cell viability assay.

In agreement with the MTT assay, the treatment with
Af17_28 did not show any differences in cell morphology
compared with the control, thus confirming that Af; g
alone is not toxic.

As stated by several authors [19-21], the toxicity of
ApBi_4> could originate from bilayer disruption and cell
leakage. This statement is qualitatively confirmed by Fig. 3.

The cell membrane appears deeply damaged, but not
homogeneously. Cell leakage is more evident in cells treated
with  AB1_4-Al + ABi1758 and AB_4-Cu + Af172s,
while we do not observe significant variations in the presence
of the other complexes, which matches with the MTT data.

Discussion

Alzheimer’s disease, as well as other neurodegenerative
diseases, could be classified as “conformational disorders”
in that they are all characterized by a conformational
rearrangement of specific proteins to form insoluble
aggregates that deposit in the tissues [22].

It has been previously demonstrated by this laboratory
that the propensity of Af to aggregate can increase in the
presence of some metal ions, and this aggregation led to an
increase of in vitro toxicity to neuroblastoma cell cultures,
especially when bound to A", forming the complex A f—Al
[23]. To further understand the intriguing interrelationship
between A and metal ions, the interaction between Af5|_4»
and the Af7_»5 truncated fragment was studied.

This Af_4, truncated fragment was chosen for several
reasons: it contains one of the most lipophilic parts of the
Af_4> amino acid sequence but is also not toxic at the
concentrations used; it is not a physiological fragment that
could be involved in biochemical pathways, and it has the
ability to stimulate the exposure of hydrophobic clusters
without significantly affecting Af;_4, and Af;_4,—metal
complex oligomerization and fibrillization processes (as
demonstrated by ThT assay and TEM micrographs).

Since a direct correlation between Af toxicity and
hydrophobicity has been demonstrated [25], we investi-
gated the role of one of the Af’s most hydrophobic
sequences in influencing Af and Af-metal complex



Beta-amyloid toxicity increases with hydrophobicity

425

Fig. 3 SEM of neuroblastoma
cells treated with the Af;_4o—
metal complexes in the presence
of Aﬂl7—28 and with Aﬂ17,23
alone after 24 h of incubation
at room temperature

aggregational and toxic properties [24, 26, 27]. In spite of
the fact that Af{7_5g is not physiologically relevant in AD,
such a peptide is used as a case study for the specific
purpose of emphasizing how hydrophobicity plays a crucial
role in Af;_4 toxicity; furthermore, this toxicity is
increased when the peptide is complexed with metal ions,
particularly AI**.

For both Af};_4, [23] and Af7_ss, binding to Al resulted
in an increase in superficial hydrophobicity and aggregation,
as shown by ANS and ThT fluorescence measurements,

ABL L AHAB, .,

A[-J’1 ,42CU+AB1?-28

respectively. In the presence of the Af7_,s—Al complex, the
values of ThT fluorescence significantly increase with time
(Fig. 1) compared with Af3;7_»g alone and the other Af7_ps—
metal complexes. In addition, it has been demonstrated that
AP’ has the ability to considerably enhance the exposure of
the Af3;7_,g hydrophobic cluster, as can be seen in Fig. 2.
Also, the turbidity assay confirmed that Al greatly stimulates
Af17_2g aggregation; in fact, an increase in absorbance, as
reported in Fig. 4, is due to the presence of an increased
number of aggregates in solution.

@ Springer
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Fig. 4 Turbidity kinetic assay of Afj;7_p3 performed in both the
absence and the presence of Al, Cu, Fe, and Zn at a concentration of
5 uM, and of Afi7g performed in the presence of Afj;_4o—metal
complexes. The Af17_28, Af1_42, and Af_s,—metal complex peptide
concentrations were 5 pM. Turbidity was measured at 405 nm. The
data represented are the mean £ SD of three individual experiments.
All readings were corrected for background absorbance

The peculiar structural conformation of the Af;_4—Al
complex resulted in significant toxicity to the SHSYSY cell
culture, as shown in Fig. 5b. This result, according to early
studies on ThT dye [28], may seem contradictory because
the nonfibrillar species should be more toxic than the
fibrillar ones [4]. Recent investigations, however, have
reported that ThT binds to Af protofibrils [15] but—sur-
prisingly—also to soluble oligomers [14]. For these
reasons, we can hypothesize that the increased fluorescence
of ThT was due to the presence of a large amount of
oligomeric species in solution, as also confirmed by TEM
micrographs (Fig. 6).

After preliminary analysis of Afj|7_,g in the presence of
metal ions, the interaction between the truncated fragment
and Af};_4o,—metal complexes was studied. Our data suggest
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Fig. 5 Viability of human neuroblastoma cells measured by MTT
assay. The dependence of neurotoxicity (% cell death as compared with
control) on the concentration of Af17_»g is shown (a). SH-SY5Y cells
were incubated for 24 h with Af_4, alone, Af;_4,—metal complexes
(peptide concentration = 0.5 pM), and with (b) or without (¢) Af17_2g
(0.1 uM). The peptide mixture was allowed to incubate at room
temperature for 24 h so that the peptides could interact before they were
added to the cell medium. The data represented are the mean £ SD of
three individual experiments, each done in triplicate. **P < 0.01
versus control (chart B reprinted with permission from [23])

that Af7_,s enhances Af;_4,—Al oligomerization, as is
apparent from ThT fluorescence (Fig. 1c) [14] and TEM
images (Fig. 6). Af;4>-Al + Afj7 53 oligomers are
characterized by the exposure of hydrophobic residues, as
revealed by the marked increased in ANS fluorescence
compared with the other Af};_4,—metal complexes.

Although Al is an exogenous metal ion, it has been
demonstrated to possess the capacity to strongly influence
Ap conformational changes, especially when compared
with endogenous biometals such as Fe, Cu, and Zn.

It is worth noting that Af};7_»g stimulates Afj;_4,—metal
complex (with Fe, Cu, and Zn) fibrillization rather than
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<« Fig. 6 TEM micrographs of Af; 4, and Af;_4,—metal complexes in
the presence of Af7_»g at time 0 and after 24 h of incubation at room
temperature. a A4 + AB17-28, b ABi_a-Al + AB17.28, ¢ ABj_ar—
Cu + ABi7.28, d AB1_s-Fe + ABi7.25, € ABi_s—Zn + AB17.25

oligomerization, in contrast to what was seen for Af_4—
Al; this was primarily detected by electron microscopy.
Accordingly, we should observe a dramatic increase in ThT
fluorescence due to Af_4—metal ions + Aff;;_»g aggre-
gation. However, the increase of fluorescence was actually
negligible. We can thus speculate that Afj;_4,—metal
complexes + Afj|7_»g fibrils precipitated due to their high
molecular weight and lipophilicity. In fact, we did not
observe changes, even after mechanical stirring (data not
shown).

Recent reports have highlighted the critical role played
by Ap soluble oligomers [2, 29, 30]. Coherently, we
observed a high cellular toxicity upon Apf_4—
Al + Af}|7_g treatment, with this treatment being the only
complex that formed oligomers in our experimental con-
dition, while in the presence of the other Af;_4,—metal
complexes + Afij7_,s we observed mainly insoluble
fibrillary structures. The toxicity of Af_p—Al + Af1708
is significant not only when compared to that of the control,
but even more so when compared with that of Af;_4,—Al
alone. It should be remembered that we initially used a
nontoxic Af7_pg concentration. It is possible to establish
that the toxicity of Af_4—Al + Aff;7»3 was due to the
increased hydrophobicity that characterizes these models.

It is still not yet completely clear how Af induces
toxicity [31]. Nevertheless, several mechanisms of neuro-
toxicity have been proposed, such as a capacity to induce
mitochondrial apoptotic pathways [32], pro-oxidant effects
[33], and the ability to induce apoptosis through the acti-
vation of caspases [34]. Besides these complex apoptotic
mechanisms, it has been proposed that Af;_4, and its metal
complexes (especially Af_4—Al) could interact signifi-
cantly with cell lipid bilayers [20], perturbing membrane
fluidity and thus their physiological properties, leading to a
generalized increase in bilayer permeability which could
induce cell death [35, 36]. Accordingly, it is not surprising
that Afj;_4o—Al produces the most relevant alteration; this
is probably due to its elevated superficial hydrophobicity
(as confirmed by ANS fluorescence) and its stable oligo-
meric structure (as confirmed by TEM). From these
observations we can deduce that the enhanced toxicity
induced by Af;_4—Al + Af7_55 is due to its increased
superficial hydrophobicity, which could act as “shrapnel.”
In fact, our results highlight how the neurotoxicity is
directly related to the Af;_s,—metal + Af;7_o5 complex
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superficial hydrophobicity (except for Af;_4»—7Zn +
Af17_28, which has a propensity to precipitate). In our
opinion, the surface hydrophobicity is key to understanding
the toxicity of Af};_4, for two reasons: first, because several
reports highlight the role played by Af in the disruption of
membrane fluidity [20, 37]; second, we can assume that the
exposure of hydrophobic clusters by Af_4, and by its
metal complexes facilitates the interaction with the lipo-
philic cellular bilayer, bringing Af;_4, oligomers from a
higher to a lower protein energy state [38].

In conclusion, data reported herein underline the key
role played by superficial hydrophobicity in modulating
Api_sp—metal complex toxicity. In particular, the MTT
assay indicated that cellular toxicity can be enhanced in the
presence of several metal ions, but the metals play different
roles. In fact, different morphological structures can be
observed with different Af-metal ion complexes,
depending on the amino acid residues that coordinate the
different metal ions [38]. Meanwhile, Al increases the
formation of low-dimensional and highly hydrophobic
aggregates (such as oligomers, as shown by TEM); the
other metal ions favor the formation of large, amorphous
aggregates. This paper has not focused only on the Af;_4,
aggregation pathway in the presence of metal ions; the
main focus has been on the importance of superficial
hydrophobicity as a crucial feature to discern whether
different Af,_4> species have a greater or lesser ability to
cause neuronal toxicity. In our opinion, Af;_4,—meta-
1 + Af70g neurotoxicity is not merely due to oxidative
stress mechanisms mediated by the presence of metal ions;
indeed, the toxicity of Af_s5—Al + Af3|7_»g is greater than
those of both the control and Af;_4,—Al alone.

Materials and methods
Materials

Human f-amyloid 1-42 was purchased from Invitrogen.
f-amyloid truncated fragment 17-28, thioflavin T (ThT),
ANS, L-lactic acid aluminum salt, FeCl;, CuCl,, ZnCl,,
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Experiments with CuCl, were carried
out in PBS pH 7.4 buffer, while all other experiments were
developed in 0.1 M Tris/HCI pH 7.4 buffer plus 0.15 M
NaCl (standard medium).

Preparation of Af—metal complexes
Human Af;_4 was dissolved in hexafluoroisopropanol

(HFIP) for 40 min at room temperature and then separated
into aliquots. HFIP was removed under vacuum in a Speed
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Vac (Scl110 Savant Instruments). This treatment was
repeated three times (modified protocol from Dahlgren
et al. [11]). Af fragment 17-28 (1 mg) was dissolved in
2 cm® of HFIP for 3 h at room temperature and then sep-
arated into aliquots. The solvent was removed under
vacuum as done for human Af;_4,; this treatment was
repeated twice more with a latency period in HFIP of
40 min. The Af;_4,—metal complexes were prepared by
24 h of dialysis against 10 mM metal solutions ([CH3;CH
(OH)COOJ;3Al, FeClz, CuCl,, ZnCl,) at T = 4 °C using
Spectra/Por® Float-A-Lyser® tubes (Spectrum Labs) with a
molecular weight cut-off (MWCO) of 1000. Then, Af|_4»
metal complexes were dialyzed against distilled water
(three water changes) for 24 h to remove the excess of
metals. The same treatment was also performed with Af
alone [12]. Aliquots of Af;_4>, Afj_s>—metal complexes,
and Af,7_,g were stored at —20 °C until used.

Fluorescence measurements

Fluorescence measurements were performed with a Perkin-
Elmer LS 50B spectrofluorimeter equipped with a
thermostatic cell holder and magnetic stirring. The experi-
ments were carried out at 25 °C. Fluorescence tests with ThT
(12 uM) were developed on solutions containing 5 uM Apf
fragment 17-28 and the metal ions AI*", Fe*™, Cu®", and
Zn** (1:1 ratio), and on solutions containing 5 pM human
Api_4 alone or complexed with AI>™, Fe>™, Cu®", and Zn>"
along with 5 pM Ap fragment 17-28. Development was
followed for 24 h by monitoring the increase in the fluores-
cence intensity at 482 nm with excitation at 450 nm.

Turbidity measurements

Turbidity assays were performed in 300 mm?> 96-well
plates (Falcon). The absorbance of all samples was mea-
sured at 405 nm using a Microplate SPECTRAmax®. The
solutions were stirred for 25 s before reading to suspend
the aggregates. The absorbance due to the buffer alone was
subtracted from that of the buffer plus metal ions. Turbidity
measurements were carried out to quantify the presence of
aggregates due to the interaction between human Af;_4,
and its truncated fragment, and between Af};7_,g and metal
jons (AI’*, Fe**, Cu**, and Zn>™).

Transmission electron microscopy

All samples at a protein concentration of 10 uM, and after
an incubation period of 24 h, were absorbed onto glow-
discharged carbon-coated Butwar films on 400-mesh cop-
per grids. The grids were negatively stained with 1% uranyl
acetate and observed at 40,000 by transmission electron
microscopy (Tecnai G2, FEI). The samples observed
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contained Af;_4, and its metal complexes with Af;7 g
(1:1 ratio) or Afj;7_»g in solution with APT, Fet, cu?t,
and Zn>" (concentration ratio 1:1).

Neuroblastoma cells

SH-SYS5Y human neuroblastoma cells were purchased from
the ECACC (European Collection of Cell Culture, Salisbury,
UK). The medium in which they were cultured contained
DMEM/F12 (Gibco, Carlsbad, CA, USA) with 15% (v/v)
fetal bovine serum (FBS, Sigma-Aldrich, St. Louis, MO,
USA), 100 units/cm? penicillin and 100 pg/cm? streptomycin
(Gibco, Carlsbad, CA, USA) and 1% (v/v) MEM nonessential
amino acid (NEAA) (Sigma-Aldrich, St. Louis, MO, USA).
Cells were stored at 37 °C with 5% CO, in a humidified
atmosphere (90% humidity). Cells were used until passage 35.
The culture medium was replaced every 2 days.

Cell viability assay

Cell viability was determined through an MTT reduction
assay. SH-SYS5Y cells were seeded into 24-well plates at a
density of 7 x 10* cells per well in 1 cm® culture medium.
An FBS culture medium (2%) containing (1) Af{_45, (2)
Af_so—metal complexes with or without Af;753, (3)
Afi7_o3 with or without metals, or (4) metal ions alone
(AIP*, Fe**, Cu*", and Zn>") was added to the cells for
24 h. MTT (100 mm?, 5 mg/cm3) was added to each well
and incubated in the dark at 37 °C for 3 h. After that, the
cells were lysed with 1 em® of acidic isopropanol (0.04 M
HCI in absolute isopropanol) [13]. Color intensity was
measured with a 96-well ELISA plate reader at 550 nm
(Microplate SPECTRAmax®). All MTT assays were per-
formed three times in triplicate. Viability was defined as
the relative absorbance of the treated versus the untreated,
expressed as a percentage.

Scanning electron microscopy of human neuroblastoma
cells

SH-SYSY cells were seeded onto glass cover slips and
treated with Af_4, and Af_s—metal complexes with or
without the interaction with Af7_»g. After 24 h of incu-
bation, the cells on glass cover slips were fixed with
formaldehyde pH 7.4 and dehydrated in a graded ethanol
series. Then the samples were critical point dried with CO,
in a HCP-2 Hitachi 2 Critical Point Dryer and gold-coated
for examination under a JEDL JSM-6490 scanning electron
microscope. The working pressure was 4.2—4.3 bar and the
temperature was 5 °C. Untreated cells (control) were also
examined for comparison.

Statistical analysis

MTT, turbidity, and ThT fluorescence assays were statis-
tically analyzed by ANOVA followed by the Student—
Newman—Keuls ¢ test as a post hoc test. Results were
reported to be highly statistically significant if P < 0.01
and statistically significant if P < 0.05. Results are pre-
sented as mean =+ standard deviation.
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