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Abstract. We investigated the structural effects induced by
Al on different f-amyloid (Ap) fragments at pH 7.4 and
T= 25°C, with particular attention given to the sequences
1-40 and 1-42. AI** caused peptide enrichment in 3 sheet
structure and formation of solvent-exposed hydrophobic
clusters. These intermediates evolved to polymeric aggre-
gates which organized in fibrillar forms in the case of the
AP*-Ap,, 4, complex. Comparative studies showed that
Zn?* and Cu?" were much less efficient than AI3* in stimu-

lating the spontaneous aggregation/fibrillogenesis of Afs.
Studies with liposomes as membrane models showed
dramatic changes in the structural properties of the lipid
bilayer in the presence of AI*-A f complexes, suggesting a
major role of AP* in Ap-induced cell dysfunction. A3
effects were abolished by desferrioxamine mesylate
(DFO) only in solution. We concluded that, in vivo, DFO
may act as a protective agent by preventing or reverting A
aggregation in the extracellular spaces.
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Alzheimer’s disease (AD) is the most common cause of
intellectual impairment in adults. It is characterized by
progressive dementia, cortical neuronal loss, and the
widespread appearance of neurofibrillary tangles (NFTs)
in the cytoplasm of degenerating neurons, and senile
plaques (SPs) in the extracellular liquid. The plaques are
composed of f-structured fibrils made up of B-amyloid
protein (Ap), a family of peptides 39-43 amino acid
residues long. Under conditions still not clearly known,
Ap aggregates and accumulates to form amyloid fibrils
[1, 2]. The propensity to aggregation depends on the
amino acid sequence. Among the most representative A
peptides in vivo, A, 4, is found as the predominant
soluble species in biological fluids whereas A 4,
mainly contributes to plaque deposits.

Some authors believe that A deposits are responsible for
the progressive neurodegeneration during the disease

* Corresponding author.

[3, 4]. In vitro experiments suggest that the soluble AS
monomers require conversion to a largely f-pleated sheet
conformation and subsequent aggregation into a structural
fibrillar form before they can confer neurotoxicity. How-
ever, there is presently a large consensus that small soluble
AP oligomers, either in the form of protofibrils (PFs) or
small ‘diffusible’ A oligomers (ADDLs), could be the
real toxic entities during the course of the amyloid poly-
merization process [5—8]. Other authors propose that both
fibrillar and pre-fibrillar amyloid species induce in vitro
neurotoxicity and cell death [9—11]. Since A oligomer-
ization seems to be initiated intracellularly [7, 12], soluble
membrane diffusible A S species might constitute an early
component of the neurodegenerative process, whereas
extracellular insoluble polymeric entities might be respon-
sible for late toxicity in AD [for a review see ref. 13].

Important chemical and biophysical factors (e.g., pH, free
radicals, temperature, incubation time, peptide length and
concentration, lipid, proteins, chemical chaperones) that
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might be involved in the aggregation and fibrillogenesis
of AP have been extensively discussed in many studies
[for a review see ref.14]. Among these etiopathogenic
factors or cofactors hypothetically involved in AD, expo-
sure to certain metal ions has been proposed as a relevant
risk factor for developing the disease. In particular, com-
plexation of metals might provide the stimulus required
to overcome the thermodynamic barrier to autopolymer-
ization of AB [15, 16]. This might explain the elevated
concentrations of copper, zinc, iron, aluminum and other
metals found colocalized with A in senile plaques
[17-20].

The influence of metal ions such as Fe**, Cu?", and Zn*"
in stimulating A aggregation as well as their interaction
modalities with the 8 peptide have been widely studied in
vitro. Zn?* appears to be very efficient in inducing fast
precipitation of AfBs and formation of protease-resistant
aggregates both at acidic and alkaline pH [15]. In contrast,
Cu?* and Fe’* show limited propensity to aggregate at pH
> 7 whereas aggregation is drastically potentiated at
slightly acidic pH [21-24].

A" has long been recognized as a neurotoxic element in
several biological models, but its etiological role in AD is
still controversial [25, 26]. On the basis of a variety of
physiopathological effects of AI’* in cell cultures and
experimental animals, and its consistent occurrence in
NFTs [27] and SPs [28], aluminum has been proposed as
a major risk factor in some categories of patients prone/
sensitive to A" intoxication with consequent occurrence
of neurological dysfunctions. AI’* has also been reported
to influence the aggregation and toxicity of Af in vitro
and in transgenic mice [21, 29-33]. Nevertheless, the
interaction properties of AI** with f amyloids have so far
received less attention than those of other biometals.

In this paper, we report a detailed characterization of the
changes in conformational and aggregational properties
of different amyloid sequences induced by AI**. We show
that, at alkaline pH, AI** is a more efficient inducer of
amyloid aggregation/fibrillogenesis than zinc or copper,
can rapidly form fibrils even at micromolar concentrations
and, in solution, its effects can be fully antagonized by the
trivalent cation chelator desferrioxamine mesylate (DFO).

Materials and methods

Materials

B-Amyloids (fragments 1-16, 1-38, 1-40, 1-42; 95%
pure by HPLC), thioflavin T (ThT), 8-anilinonaphtha-
lene-1-sulfonic acid (ANS), ZnCl,, Al(C;H;0,),, CuSO,,
L-a-dimyristoylphosphoglycerocholine (DMPC), 1-6-
diphenyl-1,3,5-hexatriene (DPH), and N-acetyltyrosi-
namide were purchased from Sigma-Aldrich (St. Louis,
Mo.). DFO was a gift from Dr T. Kruck, University of
Toronto, Canada.
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Al(C;H;0;); was used instead of Al inorganic salts in
order to improve the metal soluble concentrations [26].
The complex was purified and stored according to the
protocol reported by Zatta et al. [34].

The levels of metal contamination in the buffers were
assayed by atomic absorption spectroscopy. In all prepa-
rations, metal traces were below the detection limit.

All other chemicals were of the purest analytical grade.
All experiments were carried out in 0.1 M Tris/HCI buffer
plus 150 mM NaCl (standard medium), at pH 7.4 and T =
25°C.

Fluorescence measurements

Fluorescence measurements of the different -Amyloids
were recorded with a Perkin Elmer LS 50B spectrophoto-
fluorimeter equipped with a thermostatic cell holder and
magnetic stirring. For intrinsic fluorescence, tyrosine
(Tyr) fluorescence was excited at 275 nm and collected in
the range 290-350 nm. For extrinsic fluorescence, ANS
binding to A, 4, and A, 4, was followed by the increase
of fluorescence emission of ANS in the range 400—
700 nm (A, = 360 nm). The ratio between the dye con-
centration (25 pM) and the peptide in all experiments was
kept equal to 5. ThT (12 pM) binding at different peptide
concentrations ranging from 0.5 to 40 pM was followed
by the increase of fluorescence intensity at 482 nm with
excitation at 450 nm.

Circular dichroism measurements (CD)

Circular dichroism (CD) spectra were determined in the
spectral range 260—195 nm at 25°C using a Jasco Model
J-715 automatic recording CD spectrophotometer. Fused
quartz cells with a path length of 0.1 and 0.05 cm were
used. Each spectrum, corrected for the blank baseline,
was the average of eight scans. All the operations were
performed using Jasco CD data manipulation J-715
software. The contribution to the peptide structure of the
various components (a helix, B structure and random
coil) was calculated after deconvolution of the CD spectra
on the basis of Bohm’s parameters [35].

Transmission electron microscopy measurements
Diluted aliquots of amyloid preparations were absorbed
onto glow-discharged carbon-coated butwar films on
400-mesh copper grids. The grids were negatively stained
with 1% uranyl acetate and observed at X 40,000 by trans-
mission electron microscopy (TEM) (Hitachi H600).

Preparation of DPH-labeled liposomes

Small unilamellar vesicles of DMPC (mean external radius
~30 nm) were prepared by the ethanol injection method, as
modified by Kremer et al. [36], by codissolving 15.3 pM
DPH with 20.65 mM phospholipid in ethanol. The
ethanolic solution (0.7 ml) was slowly injected into 10 ml
of magnetically stirred standard medium at 35°C, i.e.,
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Figure 1. AI**- (4) and Zn*'- (B) induced changes of the intrinsic fluorescence of B-amyloids (fragments 1-16, 1-38, 1-40, 1-42). Af
concentrations were 5 pM in the standard medium (see Materials and methods). Tyr fluorescence was collected at 305 nm (A excitation at

275 nm). The data are means of four determinations (SD+5%).

above the critical temperature (T.) of the lipid phase
transition. f-Amyloids and ApB-AI** complexes were
added to the liposomal dispersions after preparation.
Excess AI** was removed from AB-Al3* complexes before
insertion into liposomes by 24-h dialysis against the
standard medium (three buffer changes) in Spectra/Por
Float-A-Lyzer tubes (cut-off = 1 kDa).

Results

This work illustrates the results of a comparative study of
the B-amyloid aggregation due to AI**, Zn**, and Cu**
under strictly comparable experimental conditions. Several
papers have reported the effects of metal ions toward Af
peptides at acidic pH and/or at 37°C; such conditions
dramatically accelerate the Af misfolding-aggregation
process. We chose to perform our experiments at pH 7.4
and at T =25 °C; under these experimental conditions, the
aggregation process is considerably delayed, thus allowing
greater discrimination between the effects of the different
metal ions.

Metal-induced conformational changes of S-amyloids
as deduced by studies of intrinsic fluorescence

Figure 1 shows how increasing concentrations of Al3*
change the Tyr fluorescence of the various peptide se-
quences. The effects of Zn?>* are also reported. AI**
quenched the peptide fluorescence emission, this effect
being stronger in 1-38 and 1-40 peptides than in 1-16
and 1-42 (fig. 1A). In contrast, Zn?>" enhanced the Tyr
fluorescence (fig. 1B), in agreement with previous results
[37]. Experiments performed on N-acetyl-tyrosinamide
dissolved in the same buffer showed that the fluorescence
intensity of the free amino acid is not appreciably affected
by the presence of the metals. These observations indicate
that changes in the peptide fluorescence must be referred

to as metal-promoted structural reorganization of the
amyloid structure. Conversely, copper quenched the free
tyrosine fluorescence to an extent comparable to that
of amyloids (data not shown), most likely by a heavy
atom/paramagnetic ion effect [38].
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Figure 2. Fluorescence emission spectra of ANS before and after
interaction with metal-free and metal-loaded Af; 4, (4) and
AP 1) (B) Trace a, ANS alone; trace b, ANS + Cu*"-Ap; trace c,
ANS + Ap; trace d, ANS + Zn>*-Af; trace e, ANS + AP*-Ap.
Emission spectra were recorded from 400 to 700 nm with excitation
at 360 nm. The [ANS]/[B-amyloid] ratio was equal to 5. Aff was
dissolved in the standard medium at 5 pM. The concentration of
the different cations was 50 pM.
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Surface hydrophobicity of f-amyloids as deduced by
ANS fluorescence changes

Amyloids 1-40 and 142, which are the most representa-
tive A peptides in vivo, were also tested for their surface
hydrophobicity by following the fluorescence of ANS.
According to Uversky et al. [39], changes in ANS fluo-
rescence (enhancement of intensity and blue shift of the
emission maximum) are characteristic hallmarks of the
interaction of this dye with solvent-exposed hydrophobic
clusters of partially folded peptides and proteins. Figure 2
shows that both Zn?*- and Al**-containing B-amyloids
increased the ANS fluorescence intensity and induced a
blue shift of the emission A,,,, these effects being more
pronounced in the 142 fragment (fig. 2B) compared to
1-40 (fig. 2A), especially in the presence of AI**. This
means that native peptides are converted into partially
folded conformations with solvent-exposed hydrophobic
patches. Such conversion is not observed for the Cu?*-AfJ
complexes; rather, copper apparently inhibits the sponta-
neous increase of surface hydrophobicity in the 1-42
fragment. Partially folded intermediates should lead to an
increased propensity to aggregate and/or form fibrils
[39].

Changes of B-amyloid secondary structure as
deduced by CD measurements

Aggregation and amyloid fibril formation are generally
preceded by an increase of f structure in the peptide
conformation [3]. CD experiments on freshly prepared
metal-free peptides as well as Zn?**- and Al**- amyloid
(1-40 and 1-42) complexes revealed that both metals
promote the formation of S sheet structure, with an
increase of about 30% (in 1-40) and 40% (in 1-42)
compared to the metal-free peptides (see table 1). In
contrast, a preferential conversion to random coil structure
in both peptides was noticed in the presence of Cu?*.
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Table 1. Secondary structure of Af; 45,(20 pM) and A, 4, (10 pM)
from CD spectra.

Metal-free + A" + Zn** + Cu?*

Aﬁ(l~40)

a helix 9.0 6.7 7.1 10.0
B sheet 36.6 47.4 48.0 31.2
B turn 20.9 19.3 18.3 21.6
Random coil 35.6 31.3 329 39.5
Aﬁ(l~42)

a helix 10.2 8.0 7.7 10.9
B sheet 34.0 47.5 46.5 30.2
B turn 20.2 18.6 18.3 20.8
Random coil 36.4 31.2 33.1 39.6

Aggregation of -amyloids as deduced by ThT
fluorescence changes

ThT is known to rapidly associate with B-sheet-rich,
aggregated forms of peptides giving rise to a new A,
excitation at 450 nm and enhanced emission at 482 nm,
as opposed to the 385 nm (ex) and 445 nm (em) of the
free dye. This change is dependent on the aggregation
state, as monomeric or dimeric peptides do not react with
ThT [40]. We studied the effect of concentrations up to
40 pM (< 20 pM for Zn?** due to precipitation) on the
aggregational properties of the 1-40 and 1-42 peptides in
the absence and presence of Zn?", AI**, and Cu?* (fig. 3).
ThT fluorescence was monitored within 10 min after
preparation of the different samples. The most dramatic
effects on the f-amyloid aggregational properties were
obtained in the presence of AI*. ThT fluorescence already
approached the maximal value at concentrations of Af as
low as 2 pM in the 142 fragment, whereas higher con-
centrations of Af (~ 20 pM) were necessary for the 1-40
fragment to obtain similar effects. Conversely, Cu?" did
not appear to stimulate the Af spontaneous aggregation.

3+

50 A +Al
40
30 A

20 -

ThT Fluorescence (a.u.)

104

0 10 20 30 40
AB (1-40) (uM)

0 5 10 15 20
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Figure 3. Fluorescence emission intensity of ThT as a function of metal-free and metal-loaded Af; 4, (4) and AB; 4, (B) concentrations.
Metal concentration was 50 pM. ThT fluorescence at 482 nm (A, = 450 nm) was collected immediately after addition of peptide aliquots
to 15 pM ThT in the standard medium. The signal due to the free ThT was subtracted. Zn>*- (and Cu** in A, 4,)) APs were followed for a
narrower range of concentrations (<15 pM) due to precipitation. The data are means of three determinations (SD+10%).
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Figure 4. Kinetics of A, 4, aggregation in the absence and pres-
ence of A’ and Zn?* as followed by the changes in ThT fluores-
cence emission intensity. Experimental conditions were as de-
scribed in the legend to figure 3. A, 4, concentration was 5 pM.
The data are means of three determinations (SD£8%).

Metal ions also affected the rate of aggregate formation,
as shown in figure 4 where the kinetics of ThT fluores-
cence changes for 5 ptM Af,, 4,, in the absence and the
presence of Zn?>" and A’ were followed over a period of
220 h (90 h for Zn?*). In the presence of both AI** and
Zn*" the rate of aggregate formation was dramatically
faster than in their absence, with AI’* exhibiting the
maximal stimulatory effect.

Figure 5. Electron micrographs of A, 4, in the absence (4) and
presence (B) of AI**, Zn?>* (C) and Cu?* (D). AP*-AB (2 pM), Zn**-
and Cu?**-Af (20 pM) complexes (metal concentration = 50 pM)
and metal-free AB (20 pM) were left to incubate for 10 days in the
standard medium at T=25°C.

Aluminum-induced B-amyloid aggregation

Formation of fibrillar aggregates as deduced by
electron microscopy experiments

Long-term incubations (>7 days depending on the amy-
loid concentration and the nature of the metal) lead to
precipitation of metal-free and metal-containing amyloids.
Electron microscopy studies of the precipitates after
10 days incubation show that A" induced formation of
fibrillar aggregates for A, 4, (fig. 5B). The fibrils could
already be observed at very low peptide concentrations
(2 pM). Under the same experimental conditions, much
higher concentrations (20 pM) were necessary to induce
spontaneous fibrillation (fig. 5SA) whereas only small,
amorphous structures were observed in the presence of
20 pM Cu*-Ap (fig. 5SD). In the micrographs of Zn*-
APB 4 (20 pM), fibrillar forms shorter than those ob-
served for AP*- A, 4, could be seen (fig. 5C). Extensive
fibrillation of the Zn?>" complex, however, could be
achieved under more drastic conditions (longer incuba-
tion periods, higher temperatures and peptide concentra-
tions). In this case, the mature fibrils were structurally
similar to those induced by AI**.

All AP, 4, peptides, in the same time intervals and at up
to 20 pM, formed mainly amorphous agglomerates (not
shown).

Effects of metal-chelating agents on the
conformational and aggregational properties of
AP*-amyloid complexes

We investigated the effect of the trivalent ion chelator
DFO on the changes in the conformational and aggrega-
tional properties of A, 4, and Af, ., induced by AI**.
Figure 6 shows that the addition of AI** to Af, 4, caused
quenching of the intrinsic fluorescence (trace a), as also

1,0

0,6 DFO

0,4 T T T T T
0 20 40 60 80 100

AP VAB] [DFOJAI-AB]

120 140

Figure 6. DFO antagonizing effect on the AI**-induced changes of
the intrinsic fluorescence of Af 4. AB concentration was 5 pM.
Tyr fluorescence was collected at 305 nm (A excitation at 275 nm).
The data are reported as the ratio between the fluorescence intensities
(F) after addition of metal or DFO and the initial value in the absence
of metal (F°). In trace a, increasing aliquots of DFO were added after

the formation of the AI**-Af complex; in trace b, DFO (0.5 mM)
was present before the addition of the metal.
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Figure 7. DFO antagonizing effect on the AI**-induced aggregation of A, 4, (A) and Af; 4, (B) as deduced by ThT fluorescence changes.
In trace a, DFO (0.5 mM) was added after formation of A | 4, aggregates; in trace b, DFO was present at the beginning of the experiment.

Ap concentration was 5 pM. ThT fluorescence was collected at 482 nm ()

reported in figure 1. Tyr fluorescence intensity was
restored to the initial value when DFO was added after
formation of the AP*-Af complex. The Al**-induced
fluorescence quenching could also be prevented by car-
rying out metal titration in the presence of DFO (trace b).
Similar results were obtained in the case of Af, 4. In
conclusion, DFO was able to both inhibit and reverse the
conformational changes promoted by AI** on the f-
amyloid fragments.

Likewise, we studied the influence of DFO on the Al**-
stimulated formation of AB 4, (fig. 7A) and AB, 4,
(fig. 7B) aggregates as indicated by the changes in ThT
fluorescence. DFO was added both at the late (traces a)
and early (trace b) stages of the aggregation process. The
results indicate that DFO was able in both cases to coun-
teract, albeit slowly, the metal-promoted aggregation.
Electron microscopy experiments on the DFO-treated
ApPs showed that fibril formation was inhibited under
these experimental conditions (data not shown).

Similar experiments carried out on the Zn?*-A f complexes
revealed that DFO, in this case, antagonized the effect of
the metal only marginally (data not shown).

Interaction of f-amyloids with lipid membranes

We also investigated whether AI3*, which appears to be
endowed with the highest aggregating potential among
the metals examined, could be a biological factor capable
of modulating the interaction of f-amyloids with the
membranes. Soluble forms of Af have been established to
intercalate into the plasma membranes of neurons, directly
disrupting various membrane activities and inducing
neuronal cell death, their destabilizing properties being
specific to the peptide conformation [41-44].

We studied the interaction of increasing concentrations
of the most pathogenic Af peptide, AB ; 4, both in its
metal-free and Al**-complexed form, with DPH-labeled

=450 nm).

exe

liposomes of DMPC as membrane models. Since A" is
able to alter per se the membrane structure [45], unbound
metal was previously removed by dialysis (see Material
and methods). To ensure comparable experimental condi-
tions, metal-free A was also dialyzed for the same period
of time.

We measured the AB-induced changes in the DPH fluores-
cence anisotropy which senses the structural architecture
of the most hydrophobic domains of the lipid bilayer [46].
The measurements were performed in the temperature
range 10-43°C in order to explore the lipid phase transi-
tion from the gel (solid) to the liquid-crystalline (fluid)
state (critical T of the transition, T, ~20°C) (fig. 8). Atall
concentrations examined, metal-free Af did not discer-
nibly shift T, as reported in figure 8 (for 6 pM AB) and

DPH anisotropy

0,20

0,15 +— . : : . . : :
10 15 20 25 30 35 40 45
T(°C)

Figure 8. Temperature dependence of the anisotropy of DPH-
labeled DMPC liposomes. DPH anisotropy was collected at 520 nm
(Aee =340 nm) in the absence of AS (trace a), in the presence of 6 pM
AP 4 (trace b), and in the presence of 6 pM AI**-Af complex
(trace c) after removal of unbound metal. The final phospholipid
and dye concentrations were 1.58 mM and 1 pM, respectively.
DMPC liposomes were prepared in the standard medium.
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Figure 9. Anisotropy of DPH-labeled DMPC liposomes in the fluid
state (4) and critical temperature of the lipid phase transition (B).
DMPC liposomes were loaded with different concentrations of
metal-free and AI*-bound A, ,,). Experimental conditions were as
described in the legend to figure 8.

figure 9A (for A concentrations up to 20 pM), whereas
DPH anisotropy increased considerably in the liquid-
crystalline phase but not in the gel phase (figs 8, 9B). On
the other hand, insertion of increasing concentrations (up
to 20 uM) of the APP*-Af complex in DMPC liposomes
dramatically increased the DPH anisotropy in the fluid
state and shifted the T, to higher T (see figs 8, 9A, B) until
the lipid transition phase was completely abolished
(above 12 pM). DFO added to the A f-membrane systems
was unable to reverse the observed membrane structural
alterations, even at low AI**-Af concentrations (not
shown).

Discussion

Great interest in the effects of metal ions on f peptide
misfolding and aggregation has been raised by the obser-
vation that high concentrations of metal ions are colocal-
ized in the core of Alzheimer’s amyloid plaques. Some
metals have been shown to accelerate protein aggregation,
stabilize amyloid fibrils, and increase the neurotoxic
effects of AB peptides in vitro (see the introduction).
These considerations would suggest that similar effects
might be produced in vivo, thus stimulating studies on the
interaction of different metal ions with A peptides and

Aluminum-induced S-amyloid aggregation

on metal chelation as potential pharmacological treatment
of AD [47-49].

In contrast to other biometals, the role of A" in the
pathogenesis of AD is still debated. Since there exists
extensive literature demonstrating the neurotoxic effects
of AI** in several biological models and its interference
with a variety of cellular and metabolic processes, the
involvement of AI** in AD should not be discarded. As
has recently been proposed, AI** may not initiate AD but
at the very least it may exacerbate the progression of the
neurodegenerative process [26].

On this basis, our study focused on a detailed characteri-
zation of the conformational and aggregational changes
stimulated by AI** on different A fragments, in particular
the most representative peptides in vivo, which correspond
to the sequences Af, 4, and Af 4. A comparison was
made with the effects produced by other metal ions,
namely Zn?>" and Cu?*, under the same experimental
conditions.

Our studies show clearly that AI3* and, less markedly, Zn?*
are able to stimulate with great efficiency the aggregation
of AB, 40/ 42 at alkaline pH. Aggregation is the ultimate
result of a sequence of structural events that have been
postulated to characterize the formation of misfolded
protein aggregates, typically present in the various forms
of the so-called ‘conformational diseases’ including AD
[50]. Thus, binding of the metal shifts the peptide confor-
mation, initially rich in random coil structure, to a 3 sheet
structure (table 1) which favors the formation of partially
folded intermediates characterized by exposure of hydro-
phobic clusters (fig. 2). These intermediates evolve to
polymeric aggregates at a rate which is dramatically
increased in the presence of A" (figs 3, 4). In a relatively
short period of time (10 days), the AI**-Af,, 4, aggregates
are organized into well-structured fibrillar forms already
at very low peptide concentrations (2 pM, fig. 5B). In
contrast, fibril maturation is observed with lower rates
and at higher peptide concentrations (20 pM) after spon-
taneous A polymerization (fig.5A) and in the case of
Zn**-Af, 4 (fig. 5C). Our findings confirm previous
studies on the effects of Zn?* and AI** on A aggregation
(see the introduction). In addition, they state precisely
that the relative potency of AI’* is to markedly enhance
the propensity of the peptide to give structured aggre-
gates in terms of the rate of the process and peptide con-
centration required. From a practical point of view, this
observation might be of paramount importance in those
individuals sensitive to aluminum accumulation in terms
of exposure due to professional occupation or as a conse-
quence of pharmacological treatment [51].

Under our experimental conditions, Cu?* did not catalyze
the formation of S-sheet-enriched, hydrophobic-patch-
containing intermediates; the final result was a lack of
aggregation and, in some cases, an inhibition of the spon-
taneous aggregation of S peptides (figs 3, 4). Consistently
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accompanying this, fibril formation was also prevented
(fig. 5D). These findings are consistent with other studies
also reporting that Cu?*, which appears to boost amyloid
aggregation at slightly acidic conditions, is inefficient in
or actually prevents the fibrillogenesis process at pH > 7
[22, 24, 52].

The various effects reported in the present paper clearly
reflect different metal-peptide interaction modalities.
Scientific data based on chemical modification studies
suggest that A B possesses preferential Zn?*-binding sites
in its N-terminal 1-16 domain. The metal ion is postu-
lated to interact with the N, atoms of the imidazol ring of
His-6, -13 and -14 both at acidic and alkaline pH and the
subsequent peptide aggregation occurs through inter-
molecular His(N,)-Zn(II)-His(N,) bridges [20, 53]. This
Zn?" ligation mode induces an increase in the Tyr-10 flu-
orescence (fig. 1), which probably reflects a conforma-
tional rearrangement of the peptide that brings the fluo-
rophore into a more hydrophobic environment [37] and
removes it from the neighborhood of some quenching
groups.

At neutral pH, Cu?* has been postulated to preferentially
bind to deprotonated amide nitrogens of the peptide main
chain and to the N, atom of the histidine imidazol ring of
the N-terminal sequence. This chelation mode leads to a
partial destruction of the precursor f sheet structure (see
table 1; [53]), thus preventing the formation of intermole-
cularly cross-linked aggregates.

Much less is known about the preferential regions of alu-
minum binding to amyloids. Work is in progress in our
laboratories to learn more about this crucial point and the
data obtained will be the matter of a future communication.
On the basis of studies on ‘model tangle’ sequences, AI**
binds to -COO- of Glu and Asp and to -OH of Ser and Tyr
residues [54]. Binding to Tyr could per se explain the
fluorescence quenching induced by this ion (fig. 1) since
the tyrosinate-like form thus created is very poorly fluo-
rescent [55]. Alternatively, AI**-binding would mask the
fluorophore from nearby quenching groups, in contrast to
what is observed with Zn?*. The putative Al**-chelating
amino acid residues are present both in the hydrophilic
segment (sequence 1-16) and in the hydrophobic core
(sequence 20-35) of the peptides, thus suggesting that the
AP*-binding area is less restricted than that for Zn?>* and
Cu?*, which is confined to the N-terminal sequence.

The region of metal interaction can be a determinant for
the different aggregational potencies of the metals under
investigation. Binding of AI** to carboxylate groups both
in the hydrophilic 1-16 segment and the molecule interior
would better neutralize the electrostatic repulsions which
prevent monomer-monomer interactions, thus favoring
hydrophobic bonds which enhance the propensity of the
peptide for aggregation.

Several studies have proposed that the initial pathophysiol-
ogy induced by A might involve alterations in membrane
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structure. Physico-chemical interaction of oligomeric and
polymeric species with membrane domains, including
changes in fluidity and binding to membrane components,
can be a determining factor for triggering the mechanisms
of neurotoxicity. Indeed, a defective regulation of the
physical properties of biological membranes is known to
lead to deleterious consequences for correct cell func-
tioning. Changes in the membrane fluidity, for instance,
have been associated with dysfunctions of membrane re-
ceptors, ionic channels and transport proteins [46]. There
seems to be a well-documented link between the toxicity
and the perturbing effects of Af peptides at the level of
neuronal membranes. Thus, the effects of A on mem-
brane fluidity have been proposed to contribute to the dis-
ruption of various cell neuronal functions (e.g., calcium
signaling, activity of various enzymes, and lipid trans-
port) [13, 41-44].

The most recent studies on A in relation to AD converge
on the hypothesis that the soluble pre-fibrillar oligomeric
entities which exhibit higher affinity for the membrane
lipid domains might be responsible for the induction of
toxicity at the early stages of AD, whereas insoluble poly-
meric species might act at the late stages of the disease
[for a review see ref. 13]. On this basis, we considered
whether AI3* could enhance the membrane-perturbing ac-
tion typical of B-amyloids. We used A in a range of con-
centrations which correspond to different soluble aggre-
gated forms (see fig. 3). The results obtained with DMPC
liposomes as membrane models indicate that the metal-
free 1-42 fragment does not noticeably alter the mem-
brane structure in the solid state, as can be deduced from
the almost unchanged value of DPH anisotropy and the
limited shift in the critical temperature of the lipid phase
transition. Increasing A concentrations, however, cause
a modest perturbation of the dynamic properties of the
fluid state, which reflects an increase in membrane rigid-
ity, in agreement with similar data previously reported on
this system [56]. Clearly, the disordered disposition and
high mobility of the acyl chains favors the penetration of
the peptide into the core of the bilayer. Such membrane
structural changes are dramatically enhanced in the pres-
ence of the AB-A** complex, which brings about a gen-
eral immobilization of the system. This is most likely the
consequence of the higher aggregational capacity of Ap-
A" at all the concentrations used (see figs 3, 4). Since
these effects are already observed at very low complex
concentrations, the influence of AI’** on the membrane
structural and functional properties could become very
important under physiological conditions where Af lev-
els in plasma and cerebrospinal fluids are nanomolar
[57], i.e., at much lower levels than those generally used
for in vitro experiments. Based on the hypothesis that the
intracellular toxicity mediated by A soluble oligomers is
more harmful than that induced by extracellular fibrillar
polymers [13], the high aggregating potential of AI3** and
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strong membrane-perturbing effect of the AP*-Af com-
plex should be particularly emphasized.

On the basis of the above considerations, the cell mem-
brane might clearly represent a target, but also an addi-
tional obstacle, when designing drugs to be used against
AD. For example, metal chelation by DFO has been pro-
posed as a promising therapy to retard the progression of
moderate AD [58]. If the formation of Al**-amyloid is
critical to the etiology of AD, then metal chelation with
DFO might not be efficient in countering the effect of the
membrane-bound complex in the pre-fibrillar state. In-
deed, DFO is not able to neutralize, at least in vitro, the
perturbing effects of the AI**-A 8 complex on membranes,
most likely because DFO is a hydrophilic molecule that
does not easily penetrate the membrane barrier. However,
DFO is very efficient in antagonizing the effects of AI3*
in solution, even after late Af aggregation, which would
imply that such a chelation can act as a protective mech-
anism by preventing or reverting Af aggregation in the
extracellular spaces.
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