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Amyloid Fibrillar Meshwork Formation of Iron-Induced Oligomeric Species
of Ab40 with Phthalocyanine Tetrasulfonate and Its Toxic Consequences
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Amyloid-b protein (Ab) is a pathological component of Alz-
heimer’s disease (AD) that participates in the senile plaque for-
mation in the neocortex of the patient’s brain.[1] Ab is generat-
ed from the ubiquitous amyloid precursor protein (APP)
through proteolysis by b and g-secretases.[2,3] Abnormal accu-
mulation of Ab is believed to cause the neuronal degeneration
that is selective to the cholinergic neurons in particular.[4] Self-
association of Ab leads to various fibrillation states, such as
soluble high-molecular-weight oligomeric forms, globular spe-
cies, which are known as Ab-derived diffusible ligands, protofi-
brils as metastable intermediates, and finally amyloid fibrils.[5, 6]

Although the toxic species has not been defined unequivocal-
ly, the prefibrillar assemblies of Ab are considered to be re-
sponsible for the neuronal degeneration by affecting the sta-
bility of biological membranes.[7] Besides this Ab-only hypothe-
sis of exert neurotoxicity, metals have been also suggested to
act as an additional toxic component within the Ab amy-
loids.[8–11] Those metals, including iron, copper, and zinc would
provide a pivotal center for reactive oxygen species (ROS) gen-
eration at the expense of endogenous reducing agents.[12,13]

For treatment strategies of AD, therefore, suppression of Ab

production, clearance of the toxic prefibillar species with anti-
Ab antibodies, antioxidants, and metal-chelating agent have
been extensively tested.[14–18] Because the neurodegeneration
that is observed in AD is induced from multifactorial causes, a
novel therapeutic strategy that concomitantly handles some of
the multiple causal candidates at the same time is highly
recommendable.
We herein introduce phthalocyanine tetrasulfonate (PcTS) as

a cyclic tetrapyrrole compound with a planar and hydrophobic
central aromatic macrocyclic structure, which accommodates
various metal ions. Metal-containing PcTS tends to self-assem-
ble into nanoparticles, monolayers, and thin films.[19–22] By
taking advantage of those properties of metal chelation and
molecular self-assembly, PcTS has been employed not only to
remove the redox-active metals from the toxic metal-induced
oligomeric species of Ab40 but also to convert the protofibril-
lar species into an amyloid fibrillar meshwork if possible

(Scheme 1). This dual function of PcTS, therefore, could take
care of the toxic consequences of the prefibrillar species due
to the membrane destabilization by the oligomeric structures

as well as the oxidative stress by the redox-active metal ions.
PcTS was previously demonstrated to be an anti-scrapie com-
pound that interfered with the pathological conversion of
prion protein to the protease-resistant form.[23] The compound
was also shown to suppress the amyloid fibril formation of a-
synuclein, which is responsible for the pathogenesis of Parkin-
son’s disease (PD).[24]

Metal-induced oligomeric granular structures of Ab40 were
obtained by treating 60 mm Ab40 with 40 mm FeCl3 in 20 mm

Tris–HCl, pH 7.0, that contained 0.1m NaCl, for 3 h at 37 8C
(Figure 1A).
Those oligomeric structures could also be derived with 1 mm

FeCl3 for 12 mm Ab40 during a relatively short (0.5 to 1 h) incu-
bation at 37 8C. The average diameter of the oligomers was es-
timated to be 20 nm, with a height of 1.6 nm from the AFM
image. Upon PcTS treatment at 50 mm for additional 27 h
under a quiescent incubation condition, an extensive mesh-
work of Ab40 amyloid fibrils was surprisingly produced even
though a suppression of the metal-induced fibrillation was also
equally probable (Figure 1B). Those oligomeric Ab40 species
that were obtained with 1 mm FeIII also turned into the discrete
amyloid fibrils following the PcTS treatment (data not shown).
The b-sheet content of the fibrillar meshwork was confirmed
with CD spectroscopy. Although the FeIII-induced oligomeric
species of Ab40 still contained mainly a random structure with
a minor shift of the minimum ellipticity from 195 nm to
202 nm, the PcTS-treated species exhibited a drastic structural
change to a b-sheet conformation with a minimum ellipticity
at 218 nm (Figure 1C). The dramatic granule-to-fibril conver-
sion, however, was not observed when Ab40 was incubated
under the same conditions (27 h at 37 8C) in the absence (Fig-
ure 1E) or separate presence of PcTS (Figure 1F), FeCl3 (Fig-
ure 1G), and PcTS–FeIII complex (Figure 1H). Those Ab40 fibrils
(Figures 1E–H) showed rather heterogeneous distribution of
protofibrillar to fibrillar structures, in which the longest fibrils
were far shorter than the fibrils that were observed in the
meshwork (Figure 1B). In addition, the presence of NaCl

Scheme 1. PcTS treatment of the metal-induced oligomeric species of Ab40.
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turned out to be critical for the meshwork formation, which
might be required to neutralize the sulfonate groups in PcTS
for the molecular self-assembly process.
To evaluate the iron interaction with PcTS during the mesh-

work formation, a set of absorbance experiments was also car-
ried out (Figure 1D). The PcTS and PcTS–FeIII complex exhibit-
ed two distinctive absorption maxima at 604 and 631 nm, re-
spectively. When PcTS was incubated with FeIII in the absence
of Ab40, the iron was not chelated into PcTS under our experi-
mental condition; this was determined by the absorption maxi-
mum, which did not shift from 604 nm. On the other hand, the
Ab40 meshwork that was prepared in the presence of FeIII and
PcTS exhibited an absorption maximum slightly red-shifted to
609 nm from 604 nm. The absorbance at 631 nm, however,
was increased slightly from that of the PcTS and FeIII incuba-
tion mixture obtained in the absence of Ab40. Taken together
with the fact that the PcTS–FeIII complex has been assembled
into the distinctive structures unlike the amyloid meshwork
(Figure 1D, inset), it is pertinent to consider that the exact
PcTS–FeIII complex has not been generated during the mesh-
work formation. Additional undefined light absorbing struc-
tures, therefore, appeared to be formed between PcTS and FeIII

in the presence of Ab40. It still requires, however, more careful
chemical analysis before we conclusively define the precise
nature of the molecular assembly involving PcTS and FeIII for
the Ab40 meshwork formation.
The PcTS-induced fibrillation of Ab40 was also examined

with other metals such as CuII, ZnII, and AlIII as additional risk
factors for AD. The PcTS treatment at 50 mm for the metal-in-
duced prefibrillar species of Ab40 that was obtained in the
presence of 40 mm each of the metals for total 27 h also gave
rise to the amplified formation of fibrillar structures although
they appeared to be different from each other under AFM. In
the presence of copper, rather short fibrillar fragments were
shown to be lined up to form long strands (Figure 1 I). The
image appears that brittle long fibrils are broken into short
fragments; this indicates that the CuII/PcTS-mediated assembly
of Ab40 prefibrillar species might not be as strong as was ob-
served with the FeIII-mediated fibrillar meshwork formation. In
the case of zinc, although long thin fibrils were revealed, the
products were rather heterogeneous because they contained
small aggregates scattered around the amorphous precipitate
(Figure 1J). Aluminum also produced a fibrillar mesh, but the
individual fibrils were much thicker than the fibrils that were
obtained with other metals (Figure 1K). Because the metal in-
teraction of Ab40 has been demonstrated to be highly selec-
tive,[25–27] the meshworks that were produced with PcTS in the
presence of the metals such as FeIII, CuII, ZnII, and AlIII have
been distinctive for their morphologies. In addition, the specif-
ic metal interaction of PcTS and its participation in the assem-
bly process could also play a role on the different meshwork
formation.
Because PcTS could eradicate the toxic species of metal-in-

duced oligomeric species of Ab40 by converting them into the
extensive fibrillar meshwork, we have examined PcTS to define
its function as a detoxifying agent. Hydroxyl radical (OHC) gen-
eration by the redox-active iron present on either the oligo-

Figure 1. AFM images (5I5 mm) of A) Ab40 oligomers prepared with FeIII,
B) PcTS-induced Ab40 fibrillar meshwork derived from the iron-mediated
oligomers. C) CD spectra of the Ab40 species in monomeric, oligomeric, and
meshwork states. D) Absorbance spectra of PcTS in the presence and ab-
sence of FeIII, PcTS–FeIII complex, and the PcTS-induced Ab40 meshwork.
Self-assembled structures of the PcTS–FeIII complex obtained in the absence
of Ab40 (inset, the scale bar for 0.2 mm.). AFM images of the Ab40 incuba-
tion products for 30 h with E) Ab40 alone, F) Ab40+PcTS, G) Ab40+FeCl3,
H) Ab40+PcTS–FeIII complex. AFM images (5I5 mm) of PcTS-induced prod-
ucts of the metal-induced Ab40 prefibrillar structures obtained with I) CuII,
J) ZnII, K) AlIII.
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mers or the meshwork was examined in the presence of H2O2

and either glutathione or ascorbic acid as a reducing agent. In
the presence of 50 mm PcTS, the oligomeric structures ob-
tained with 60 mm Ab40 and 50 mm FeCl3 after a 3 h incubation
at 37 8C turned into the amyloid fibrillar meshwork after 27 h
of incubation (Figure 2A). As the fibrillar meshwork became
massive, the hydroxyl radical production by the metal ion de-
creased by 49.7% and 37.6% in the presence of glutathione
and ascorbic acid, respectively (Figure 2B); this indicates that
the reduction of FeIII by the reducing agents was significantly
prohibited within the PcTS-mediated amyloid meshwork. The
metal chelation by PcTS, therefore, could control the redox-
active property of iron that was bound to the amyloids in the
presence of endogenous reducing species, which might sup-
press the ROS generation in general under pathological
conditions.
Membrane destabilization by the metal-induced oligomeric

structures of Ab40 and their subsequent cytotoxic effects were
directly evaluated with mammalian neuroblastoma SH-SY5Y
cells. Because the cytotoxic effect of the particulate species
was observed during the early phase of incubation in a locally
restricted manner on the lawn of cells, individual cells were fo-
cused in terms of their morphological change and membrane
permeabilization. The metal-induced oligomeric species trans-
formed the cells into a round-shaped state, which led to clus-
ter formation of the affected cells (Figure 3A); the formed
meshwork appeared as a blue precipitate, but the cells re-
mained intact (Figure 3C). Upon the trypan blue treatment,

the round-shaped cells became permeable to the dye (Fig-
ure 3B), but the meshwork-treated cells remained unaffected
(Figure 3D). The fibrillar meshwork formation by PcTS treat-
ment, therefore, is demonstrated to be adequate to deactivate
the toxic oligomeric activity of intracellular invasion.
In this report, we have shown that PcTS exhibits its multitar-

geted detoxifying activity against the iron-induced oligomeric
species of Ab40 by transforming them into the amyloid fibrillar
meshwork, which coincidentally eliminates both the redox-
active metal ions and the toxic oligomeric structures at the
same time—the two most likely toxic culprits for neurodegen-
eration in AD. The metal-chelating strategy has been widely
recognized as an important approach to minimize the toxic
consequences that are caused by the metal-mediated Ab40
oligomers. Clioquinol (CQ) has been demonstrated to be an ef-
fective metal-chelating agent to detoxify the metal-mediated
Ab40 oligomers by converting them back to soluble Ab40.[28]

Coincidentally, CQ also inhibits the H2O2 production by metals
such as CuII or FeIII that are bound to the soluble (or insoluble)
peptide.[29] Our PcTS, on the other hand, acts on the reverse di-
rection by fixing the toxic metals of Ab40 oligomers into the
amyloid meshwork. Both metal-chelating agents, however, play
a common function for removing the toxic metal-mediated
Ab40 oligomers. For a therapeutic application of PcTS, it needs
to be further investigated whether the resulting meshwork
itself could exhibit additional toxic effects on biological tissues
because the meshwork formation would provide heterogene-
ous protein aggregates that could affect cellular biogenesis or
cause damage to biological molecules by the photosensitive
and redox-active metal–PcTS complexes.[30,31]

Experimental Section

Human Ab40 was purchased from Sigma–Aldrich. The peptide con-
centration of Ab40 in DMSO was spectrophotometrically deter-
mined to be 0.6 mm by monitoring absorbance at 276 nm with a
molar extinction coefficient of 1450 cm�1m

�1;[32] the stock solution
was stored at �80 8C in aliquots. The peptide was diluted in Tris–
HCl (20 mm, pH 7.5) that contained NaCl (0.1m). Phthalocyanine

Figure 2. A) TEM images of FeIII-induced Ab40 oligomers and PcTS-induced
amyloid meshwork obtained from the oligomers after 30 h of incubation.
The scale bars represent 0.2 mm. B) Hydroxyl radical formation was assessed
with TPA for the oligomers (striped bars) and the meshwork (black bars) in
the presence of either glutathione or ascorbic acid.

Figure 3. A) SH-SY5Y cells treated with the FeIII-induced Ab40 oligomers and
B) their images with and without staining. C) SH-SY5Y cells treated with the
PcTS-induced Ab40 meshwork and D) their images before and after the
trypan blue treatment.
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tetrasulfonate (PcTS) was from ICN Biomedical Inc. (Aurora, OH,
USA). FeCl3, CuCl2, ZnCl2, AlCl3, hydrogen peroxide, terephthalic
acid, glutathione, l-ascorbic acid, and trypan blue were obtained
from Sigma–Aldrich. Carbon-coated copper grid (200 mesh) and
uranyl acetate were from Ted Pella Inc. (Redding, CA, USA) and
Electron Microscopy Sciences (Hatfield, PA, USA), respectively. A
centrifugal membrane filter (YM-30) was purchased from Millipore.
Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal bovine
serum were purchased from Hyclone (Logan, UT, USA). Trypsin–
EDTA was provided by Gibco.

Ab40 (60 mm) was preincubated with various metals (40 mm) in
Tris–HCl (20 mm, pH 7.5) that contained NaCl (0.1m), for 3 h at
37 8C. Phthalocyanine tetrasulfonate (PcTS, 50 mm) was added, and
the solution was incubated for an additional 27 h at 37 8C.
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