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Amyloid b (Ab), a 39–42 amino acid peptide derived from amyloid precur-

sor protein, is deposited as fibrils in Alzheimer’s disease brains, and is con-

sidered to play a major role in the pathogenesis of the disease. We have

investigated the effects of a water-soluble Zn-phthalocyanine, ZnPc

(COONa)8, a macrocyclic compound with near-infrared optical properties,

on Ab fibril formation in vitro. A thioflavin T fluorescence assay showed

that ZnPc(COONa)8 significantly inhibited Ab fibril formation, increasing

the lag time and dose-dependently decreasing the plateau level of fibril for-

mation. Moreover, it destabilized pre-formed Ab fibrils, resulting in an

increase in low-molecular-weight species. After fibril formation in the pres-

ence of ZnPc(COONa)8, immunoprecipitation of Ab1-42 using Ab-specific
antibody followed by near-infrared scanning demonstrated binding of

ZnPc(COONa)8 to Ab1-42. A study using the hydrophobic fluorescent

probe 8-anilino-1-naphthalenesulfonic acid showed that ZnPc(COONa)8
decreased the hydrophobicity during Ab1-42 fibril formation. CD spectros-

copy showed an increase in the a helix structure and a decrease in the

b sheet structure of Ab1-40 in fibril-forming buffer containing ZnPc

(COONa)8. SDS/PAGE and a dot-blot immunoassay showed that ZnPc

(COONa)8 delayed the disappearance of low-molecular-weight species and

the appearance of higher-molecular-weight oligomeric species of Ab1-42. A
cell viability assay showed that ZnPc(COONa)8 was not toxic to a neuro-

nal cell line (A1), but instead protected A1 cells against Ab1-42-induced tox-

icity. Overall, our results indicate that ZnPc(COONa)8 binds to Ab and

decreases the hydrophobicity, and this change is unfavorable for Ab oligo-

merization and fibril formation.

Introduction

Alzheimer’s disease (AD) is a common dementia of

the elderly [1]. It is characterized pathologically by

degeneration of neurons, mainly of the cholinergic

type, in the hippocampal and cortical areas [2,3]. His-

tologically, dystrophic neurons and reactive glial cells

are found in these areas, concomitant with extracellular

deposition of amyloid b (Ab) peptide and intracellular

formation of neurofibrillary tangles [2]. A large body

of evidence suggests that Ab peptide has a critical role

in the pathogenesis of AD. For example, gene muta-

tions that affect the production or processing of Ab
precursor protein and increase the peptide burden, are
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related to AD lesion formation and progression of the

disease [4–10]. An increased Ab peptide burden leads

to aggregation, producing oligomers or polymeric

fibrils that are deposited in the brain parenchyma [6].

Aggregated forms, especially Ab oligomers, are more

neurotoxic than the monomers in vitro [11,12], suggest-

ing that Ab accumulation and aggregation play key

roles in disease pathogenesis. Hence, these processes

may be good targets for diagnosis and treatment of

AD.

Recent research on the pathophysiology of AD has

suggested that inhibitors of Ab accumulation and

aggregation, or enhancers of fibril degradation, are

candidates for treatment of the disease [13,14]. Several

compounds that have shown anti-amyloid activity

in vitro or in animal models are already in clinical tri-

als [13,14]. However, an effective disease-modifying

treatment remains elusive.

Diagnosis is also an important issue, and several

groups are examining the usefulness of Ab peptide in

cerebrospinal fluid or deposited in brain parenchyma

as a diagnostic marker [15,16]. Deposited Ab may be

visualized by positron emission tomography (PET)

imaging, but the equipment is expensive and not

widely available [16]. In contrast, near-infrared (NIR)

spectroscopy is technically favorable for in vivo imag-

ing, because there is an optical window from approxi-

mately 600 to 1000 nm, at which the absorption

coefficient of the tissue is at a minimum, resulting in a

low background [17]. NIR light has higher tissue-pene-

tration capability than visible light [17]. Recently, it

was reported that phthalocyanines, which are metal-

containing, aromatic, macrocyclic NIR fluorophores,

interact with a-synuclein and affect fibril formation

[18]. Further, iron-containing phthalocyanine interacts

with toxic Ab1-40 oligomers and converts them to an

amyloid fibril meshwork [19]. Thus, we hypothesized

that phthalocyanines may bind to Ab and serve as

amyloid fibril-modifying agents. If this is the case, they

may have therapeutic potential for AD. They may also

be useful as amyloid-specific NIR imaging probes to

visualize deposited Ab peptide in AD brains in vivo.

Most phthalocyanine species are hydrophobic, and

tend to aggregate in aqueous medium, resulting a self-

quenching effect on their excited state [20,21]. There-

fore, we prepared water-soluble Zn-containing pht-

halocyanines (ZnPcs) bearing sodium carboxylate

groups as candidate amyloid fibril-modifying agents or

in vivo NIR probes. The chemical structures of the

four phthalocyanines used in this study are shown in

Fig. 1. Among them, carboxylated ZnPcs were found

to bind with Ab peptide and to inhibit Ab aggregation

and neurotoxicity.

Results

Interactions of phthalocyanines with Ab1-40 and

Ab1-42 and effect on fibril formation

Ab1-42 (12.5 lM) and Ab1-40 (50 lM) were incubated

for 24 or 48 h, respectively, with increasing concentra-

tions of ZnPc(COONa)8, ZnPc(COONa)16, ZnPc

(COOC5H11)8 and Pd-containing phthalocyanine

(PdPc) dimer in fibril-forming buffer. Evaluation of

fibril formation by a thioflavin T (ThT) fluorescence

assay revealed that ZnPc(COONa)8 efficiently and

dose-dependently inhibited fibril formation for both

Ab1-40 and Ab1-42 (Fig. 2A,B). The effect was more

pronounced in the case of Ab1-40 (compare Fig. 2A

and Fig. 2B). ZnPc(COONa)16 also modestly inhibited

Ab1-40 and Ab1-42 fibril formation at higher concentra-

tions (Fig. 2C,D). The PdPc dimer inhibited only Ab1-
40 fibril formation at relatively high concentrations

(Fig. 2G,H). On the other hand, ZnPc(COOC5H11)8
significantly and dose-dependently increased fibril for-

mation of Ab1-40, but not that of Ab1-42 (Fig. 2E,F).

Effects of ZnPc(COONa)8 on fibril formation

kinetics of Ab1-40 and Ab1-42

In order to investigate the fibril formation kinetics,

Ab1-40 (50 lM) or Ab1-42 (12.5 lM) were incubated in

the absence or presence of 5 lM ZnPc(COONa)8.

Fibril formation for both Ab1-40 and Ab1-42 showed

sigmoid kinetics, with lag times of approximately 12

and 8 h, respectively (Fig. 3A,B). Once fibril formation

started, it increased exponentially, reaching a plateau

at 48 h for Ab1-40 and 24 h for Ab1-42 (Fig. 3A,B).

The presence of ZnPc(COONa)8 extended the lag time

to 24 h and the plateau time to 72 h for Ab1-40
(Fig. 3C). For Ab1-42, the lag time was slightly

increased to between 8 and 16 h, while the plateau

time showed little change (Fig. 3D). ZnPc(COONa)8
significantly decreased the plateau fluorescence levels

of both Ab1-40 (57 � 8.3 for Ab1-40 versus 12.3 � 2.4

for Ab1-40 + ZnPc(COONa)8) and Ab1-42 (20.1 � 0.8

for Ab1-42 versus 4.5 � 0.4 for Ab1-42 + ZnPc(CO-

ONa)8). The morphology of the Ab fibrils was evalu-

ated by transmission electron microscopy. ZnPc

(COONa)8 had no apparent effect on the morphology

of Ab1-40 or Ab1-42 fibrils (Fig. 3E).
In this study, ThT fluorescence assay was mainly

employed for quantitative analysis of Ab fibrils. How-

ever, the presence of ZnPc(COONa)8 may influence

ThT fluorescence [22]. Therefore, to confirm the inhibi-

tory effect, fibrils were removed from the samples by

filtration after fibril formation for Ab1-42 (100 lM) in
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the absence or presence of ZnPc(COONa)8 (5 lM) for

24 h. The filtrate contained only non-fibrillar Ab1-42,
as revealed by the ThT fluorescence assay. The protein

concentration of the filtrate was measured, and was

235 � 8.2% higher in the Ab1-42 sample containing

ZnPc(COONa)8 compared to Ab1-42 alone (Fig. 3F).

This result supports the view that ZnPc(COONa)8
inhibits fibril formation.

Effect of ZnPc(COONa)8 on the stability of Ab
fibrils

Next, the effect of ZnPc(COONa)8 on the stability of

Ab fibrils was investigated. Increasing concentrations

of ZnPc(COONa)8 were added to pre-formed Ab1-40
and Ab1-42 fibrils, and the mixtures were incubated for

24 h. The ThT fluorescence assay showed that ZnPc

(COONa)8 dose-dependently decreased both Ab1-40
and Ab1-42 fibril levels at the end of the incubation

period (Fig. 4A,B). Moreover, SDS/PAGE confirmed

that ZnPc(COONa)8 increased the levels of low-molec-

ular-weight species of Ab1-40 and Ab1-42, at least at

high concentrations (Fig. 4C,D).

Effects of sodium azide on Ab fibril formation

Phthalocyanines are reported to produce singlet oxygen

[23]. Therefore, we investigated whether singlet oxygen

is responsible for the inhibitory effect of ZnPc(CO-

ONa)8 by using sodium azide (NaN3) as a scavenger of

singlet oxygen [24]. We first confirmed that NaN3 alone

(up to 50 mM) had no effect on Ab1-40 and Ab1-42 fibril
formation (Fig. 5A,B). Next, Ab1-40 and Ab1-42 were

incubated with increasing concentrations of NaN3 (up

to 50 mM) in the presence of ZnPc(COONa)8. The ThT

fluorescence assay indicated that NaN3 had no effect on

ZnPc(COONa)8-mediated inhibition of Ab1-40 and

Ab1-42 fibril formation (Fig. 5C,D).

A B

C D

Fig. 1. Chemical structures of ZnPc(COONa)8 (A), ZnPc(COONa)16 (B), ZnPc(COOC5H11)8 (C) and the PdPc dimer (D).
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Binding of ZnPc(COONa)8 to Ab1-42 peptide

We investigated whether ZnPc(COONa)8 directly binds

to Ab peptide by adding increasing concentrations of

ZnPc(COONa)8 to Ab1-42 monomers or pre-formed

fibrils. After incubation for 24 h in a fibril-forming envi-

ronment, Ab1-42 was immunoprecipitated using Ab-spe-
cific antibody, and the amount of ZnPc(COONa)8 in the

immunoprecipitate was quantified by NIR scanning. In

the case of the Ab1-42 monomer, the NIR signal of ZnPc

(COONa)8 in the immunoprecipitates increased linearly

with increasing concentration of the compound

(Fig. 6A). A similar effect was observed with pre-

formed Ab1-42 fibrils, although the signal intensities were

much lower than with the Ab1-42 monomer (Fig. 6A).

Effect of ZnPc on the microenvironment of fibril

formation

To further explore the mechanism of inhibition, we

investigated whether binding of ZnPc(COONa)8 alters

the microenvironment of Ab fibril formation. Hydro-

phobic amino acids in the Ab peptide, as well as a

hydrophobic microenvironment, play a key role in

fibril formation [25–27]. We used 8-anilino-1-naphtha-

lenesulfonic acid (ANS) as a hydrophobic fluorescent

probe; its fluorescence in aqueous solution is minimal,

but, upon binding to non-polar amino acids, the fluo-

rescence increases and shows a blue shift [28]. Hence,

ANS is useful to analyze conformational changes of

proteins or peptides in solution. We found that incu-

bation of Ab1-42 in fibril-forming buffer for 4 h caused

an increase in the fluorescence intensity, together with

a blue shift (Fig. 6B–D). However, when ZnPc(CO-

ONa)8 was added to the buffer, the intensity decreased

significantly, and the peak showed a red shift com-

pared to Ab1-42 only (Fig. 6B–D).

Effect of ZnPc(COONa)8 on the secondary

structures and molecular species of Ab peptide

Hydrophobic interactions are important in secondary

structure formation and aggregation of Ab peptides

[25,29,30]. As ZnPc(COONa)8 decreased the hydro-

phobicity of Ab, we investigated whether it influenced

the secondary structures of the peptide. ZnPc(CO-

ONa)8 (2 lM) was added to Ab1-40 (100 lM) monomer

in a fibril-forming buffer, and the mixture was incu-

bated at 37°C for 0 and 2 h, then diluted with water

to final concentrations of Ab1-40 and ZnPc(COONa)8
of 10 and 0.2 lM, respectively. Representative CD

A B

C D

E F

G H

Fig. 2. Effect of phthalocyanines on Ab

peptide fibril formation. Ab1-40 peptide

(50 lM) (A,C,E,G) or Ab1-42 peptide

(12.5 lM) (B,D,F,H) were incubated in

fibril-forming buffer for 48 and 24 h,

respectively, in the presence of the

indicated concentrations of ZnPc(COONa)8

(A,B), ZnPc(COONa)16 (C,D), ZnPc

(COOC5H11)8 (E,F) or PdPc dimer (G,H).

Total fibril formation at the end of

incubation was evaluated by the ThT

fluorescence assay, as described in

Experimental procedures. Values are

means � SEM of at least three

independent experiments, and are

presented as a percentage of the control

condition (Ab peptide alone). Symbols

indicate statistically significant differences

compared with the corresponding 0.1 lM

phthalocyanine condition (*P < 0.05,
‡P < 0.01, †P < 0.001).

4 FEBS Journal (2014) ª 2014 FEBS

ZnPc inhibits Ab fibril formation S. Tabassum et al.



spectra of Ab1-40 in the presence or absence of ZnPc

(COONa)8 after 0 and 2 h incubation are shown in

Fig. 7A. The CD spectroscopy experiments (Fig. 7B)

indicated that, in fibril formation buffer, approxi-

mately 37.2 � 7.6% of the peptide adopted a b sheet

structure, whereas only 5 � 2.3% showed an a helix

structure. After 2 h incubation, the percentage of

a helix showed little change (3.7 � 1.5%), but the pro-

portion of b sheet increased to 48.6 � 0.2%. When

ZnPc(COONa)8 was added to the fibril-forming buffer,

18.7 � 0.9% of the peptide exhibited a helix structure,

and 4.9 � 3% adopted b sheet. After 2 h incubation,

the percentages of a helix and b sheet were 17.6 � 3.5

and 17.2 � 5.9, respectively.

After fibril formation in the absence or presence of

ZnPc(COONa)8, the peptide was subjected to SDS/

PAGE, and Ab species were visualized by Coomassie

Blue staining. Ab1-42 was detected mainly as monomers,

dimers and trimers. Dimers and trimers started to

decrease after 1 h incubation, and monomers decreased

from 2 h. ZnPc(COONa)8 inhibited the time-dependent

decrease in these low-molecular-weight Ab1-42 species at
1, 2 and 4 h (Fig. 7C).

Then, the effect of ZnPc(COONa)8 on Ab1-42 olig-

omers was investigated. A dot-blot immunoassay

using an oligomer-specific antibody demonstrated

that Ab1-42 oligomers were detectable after 4 h incu-

bation (Fig. 7D). ZnPc(COONa)8 delayed Ab1-42

A

a b

c d

B

C D

E

F

Fig. 3. Effects of ZnPc(COONa)8 on the fibril formation kinetics of Ab peptides. (A–D) Ab1-40 peptide (50 lM) (A,C) or Ab1-42 peptide

(12.5 lM) (B,D) were incubated in fibril-forming buffer in the absence (A,B) or presence (C,D) of ZnPc(COONa)8 (5 lM) for the indicated

times. Total fibril formation at the end of incubation was evaluated by ThT fluorescence assay, as described in Experimental procedures.

Values are means � SEM of ThT fluorescence values (arbitrary units) for at least three independent experiments. (E) The morphology of Ab

fibrils. Ab1-40 peptides (a,c) and Ab1-42 peptides (b,d) (50 lM) were incubated in the absence (a,b) or presence (c,d) of ZnPc(COONa)8 (5 lM)

for 72 and 24 h, respectively. Fibril morphology was evaluated by transmission electron microscopy as described in Experimental

procedures. Scale bar = 200 nm. (F) Ab1-42 peptide (100 lM) was incubated alone or with ZnPc(COONa)8 (5 lM) for 24 h. Aliquots of the

samples were used for the ThT fluorescence assay (left bar). From the remaining samples, fibrils were removed by filtration, and protein in

the filtrates (right bar) was measured using a UV/Vis spectrophotometer at 280 nm, as described in Experimental procedures. Values are

means � SEM of three independent experiments, and are expressed as a percentage of the control condition (Ab1-42 peptide alone).
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oligomers formation, which was detectable from 8 h

(Fig. 7D).

Effect of ZnPc(COONa)8 on Ab1-42-induced
cytotoxicity

Oligomers of Ab peptides are considered to be more

cytotoxic than monomers [11,12]. As ZnPc(COONa)8
inhibited oligomer formation, we explored whether it

affected Ab1-42-induced cytotoxicity in a neuronal cell

line (A1). Morphological study of cultured A1 cells

showed that increasing concentrations of Ab1-42
decreased the cell density, and the cell body became

round and smaller in size (Fig. 8A). ZnPc(COONa)8
alone did not alter the density or morphology of the

cultured cells (Fig. 8A). Interestingly, addition of

ZnPc(COONa)8 to the culture partially recovered the

cells from Ab1-42-induced reduction of cell density and

morphological change (Fig. 8B).

To further examine the cytotoxic properties, cell

viability was evaluated by an 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

A1 cells were cultured in the presence of increasing

concentrations of Ab1-42 or ZnPc(COONa)8 for 48 h,

and the MTT assay was performed. Ab1-42 dose-

dependently decreased the viability of A1 cells,

whereas ZnPc(COONa)8 did not (Fig. 8C). However,

when A1 cells were cultured with 5 lM Ab1-42, ZnPc

(COONa)8 partially rescued the cells from Ab1-42-
induced cytotoxicity in a dose-dependent manner

(Fig. 8D).

Discussion

The present results indicate that a water-soluble

Zn-phthalocyanine, ZnPc(COONa)8, binds to Ab pep-

tide and inhibits aggregation, apparently by altering

the microenvironment for fibril formation. This is

important, because Ab aggregation and deposition

play a vital role in the pathogenesis of AD, and may

be useful as a disease marker [2]. As ZnPc(COONa)8
shows NIR optical properties, it may have potential as

a diagnostic imaging probe for AD, in addition to

being a candidate therapeutic agent.

The inhibitory effects on Ab fibril formation were

both dose-dependent and dependent on the species of

phthalocyanine. It has been reported that tetrasulfo-

nated phthalocyanines interact with a-synuclein during

the fibril formation process in a manner that depends

on the nature of the metal at the macrocyclic center

A B

C D

Fig. 4. Effect of ZnPc(COONa)8 on Ab fibril stability. To prepare fibrils, Ab1-40 peptide (50 lM) and Ab1-42 peptide (25 lM) were incubated in

fibril-forming buffer for 48 and 24 h, respectively. The indicated concentrations of ZnPc(COONa)8 were added (final concentrations of

peptide 25 and 12.5 lM, respectively), and incubation was continued for 24 h. (A,B) Total fibrils of Ab1-40 (A) and Ab1-42 (B) were evaluated

by a ThT fluorescence assay. Values are means � SEM of ThT fluorescence values (arbitrary unit) for at least three experiments. (C,D) Ab1-

40 or Ab1-42 were incubated in fibril-forming buffer for 48 and 24 h, respectively. Then the indicated concentrations of ZnPc(COONa)8 were

added (final concentration of peptide 25 lM) and incubation was continued for 24 h. Two micrograms of peptide fibrils were separated by

SDS/PAGE using a 4-20% gradient Tris-glycine gel, and the peptide bands for Ab1-40 (C) and Ab1-42 (D) were visualized by Coomassie

Brilliant Blue staining, as described in Experimental procedures. Symbols indicate statistically significant differences compared with the

corresponding 0 lM ZnPc(COONa)8 condition (*P < 0.05, ‡P < 0.01, †P < 0.001).
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[18], and that iron-containing phthalocyanine pro-

motes conversion of Ab1-40 oligomer to a fibril mesh-

work [19]. In the present work, the two carboxylated

phthalocyanines were water-soluble, while ZnPc

(COOC5H11)8 and the PdPc dimer were not, and, as

only the carboxylated phthalocyanines inhibited Ab
fibril formation, the differential interaction with Ab
may reflect the differences in hydrophilicity of the

compounds. Interestingly, ZnPc(COONa)8 showed a

much stronger inhibitory effect than ZnPc(COONa)16
despite having similar solubility, so structural differ-

ences also appear to be important. In addition, ZnPc

(COONa)8 had a much greater inhibitory effect on

Ab1-40 than on Ab1-42 fibril formation. Fibril forma-

tion for both Ab1-40 and Ab1-42 is a nucleation-depen-

dent process, in which the surfactant properties of the

peptide, provided by the hydrophobic amino acids at

the C-terminus, play a pivotal role [31]. Ab1-42 poly-

merizes much faster than Ab1-40 because of the pres-

ence of two more hydrophobic amino acids at the C-

terminus [32], and this may also account at least in

part for the differential interaction of ZnPc(COONa)8
with the peptides.

ZnPc(COONa)8 not only inhibited the Ab fibril for-

mation process, but also destabilized pre-formed

fibrils. Fibril formation is a dynamic process, in which

association of monomers to form polymers, and disso-

ciation of the polymers to monomers and other low-

molecular-weight species, occur side by side. Initially,

the concentrations of monomer and other low-molecu-

lar-weight species are high. As a result, the rate of

association is greater than that of dissociation, while,

at the plateau stage, the rates of association and disso-

ciation are in equilibrium [33]. Our binding assay

showed that ZnPc(COONa)8 had a higher binding

ability to monomers and other low-molecular-weight

species than to pre-formed Ab fibrils. In the destabili-

zation experiment, monomers and low-molecular-

weight species of Ab may preferentially bind to ZnPc

(COONa)8 after dissociation from the fibrils, disturb-

ing the fibril formation equilibrium. We confirmed that

addition of ZnPc(COONa)8 to fibrils increases the

amount of low-molecular-weight species, at least in the

case of Ab1-40.
Pthalocyanines are known to produce singlet oxygen

in the presence of light [23], and singlet oxygen inter-

A B

C D

Fig. 5. Effect of sodium azide (NaN3) on ZnPc(COONa)8-mediated inhibition of Ab fibril formation. (A,B) The indicated concentration of NaN3

was added to Ab1-40 (50 lM) (A) or Ab1-42 (12.5 lM) (B), and the mixtures were incubated for 48 and 24 h, respectively. (C,D) To evaluate

the effects of NaN3 on ZnPc(COONa)8-mediated inhibition of Ab1-40 and Ab1-42 fibril formation, the indicated concentrations of NaN3 were

added to Ab1-40 (50 lM) (C) and Ab1-42 (12.5 lM) (D) in the presence of ZnPc(COONa)8 (5 lM), and the mixtures were incubated for 48 and

24 h, respectively. The amount of fibrils formed after incubation was evaluated by a ThT fluorescence assay. Values are means � SEM of

at least three experiments, and are presented as a percentage of the control condition (Ab peptide alone).
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acts with various biomolecules, including proteins.

Therefore, we investigated whether singlet oxygen has

a role in the inhibition of fibril formation. However,

sodium azide, a scavenger of singlet oxygen [24], did

not influence the inhibitory effect of ZnPc(COONa)8,

suggesting that singlet oxygen plays no role in the

process.

We found that ZnPc binds to Ab peptides during

fibril formation, and this binding may play a role in

the inhibition of fibril formation. Compounds with an

aromatic ring structure may interact with amyloid-

forming peptides [34,35], but non-inhibitory phthalocy-

anines such as ZnPc(COOC5H11)8 also contain aro-

matic rings. As the inhibitory effect was specific to

ZnPc(COONa)8 and ZnPc(COONa)16, other parts of

the compound besides the aromatic rings, such as the

sodium carboxylated side chains, may be more impor-

tant for the interaction. Zinc ions interact with Ab
peptides and modulate fibril formation [36,37], but the

differential effects of ZnPc(COONa)8 and ZnPc(CO-

ONa)16 on Ab fibril formation suggest that this is not

a major factor. We consider that the presence of

sodium carboxylate groups, as well as their number in

ZnPc are important for the interaction with Ab pep-

tide.

The nucleation-dependent Ab aggregation process

involves hydrophobic interaction of the C-terminal

hydrophobic amino acids in an aqueous environment

[29,30]. ANS, a hydrophobic fluorescent dye, is widely

used to probe protein conformational changes, as its

fluorescence dramatically increases in a hydrophobic

environment [28]. We found that addition of ZnPc

(COONa)8 caused an early and sustained reduction of

ANS fluorescence. As different molecular species, such

as oligomers, pre-fibrillar aggregates and mature

fibrils, may have different binding affinity to ANS, the

change in the ANS fluorescence may reflect changes in

the proportions of the various molecular species of Ab
caused by binding of ZnPc(COONa)8. The b-sheet
structures of Ab, which is affected by the hydrophobic

environment [25], was decreased by ZnPc(COONa)8
from an early time point during fibril formation. We

found that Ab monomers, dimers, trimers and tetra-

mers decreased over time, while larger oligomers

increased during fibril formation. However, in the

presence of ZnPc(COONa)8, the reduction of low-

A B

C
D

Fig. 6. Binding of ZnPc(COONa)8 to Ab1-42 and change in the hydrophobicity of the fibril-forming microenvironment. (A) To evaluate the

binding ability to pre-formed fibrils, Ab1-42 fibrils were prepared by incubating Ab1-42 monomer (50 lM) in fibril-forming buffer for 24 h, then

the indicated concentration of ZnPc(COONa)8 was added to the fibrils to give a final concentration of 50 lM, and incubation was continued

for 24 h. After incubation, 5 lg of peptide fibrils was used for immunoprecipitation with a monoclonal anti-Ab IgG. For negative controls,

normal mouse IgG was used instead of anti-Ab IgG, or buffer containing only ZnPc(COONa)8 was used (without Ab1-42). (B–D) To evaluate

the hydrophobic microenvironment, Ab1-42 (12.5 lM) was incubated in the absence or presence of ZnPc(COONa)8 (5 lM) for the indicated

times, and an ANS fluorescence assay was performed as described in Experimental procedures. (B) Representative ANS fluorescence

emission spectra of Ab1-42 in the absence or presence of ZnPc(COONa)8 at indicated times. (C,D) Mean values of ANS fluorescence

intensities (arbitrary units) and the positions of fluorescence emission maxima (nm). Symbols indicate statistically significant differences

compared with the corresponding 0 h condition (*P < 0.05, †P < 0.01), or compared with the Ab1-42 experiment at the same time point

(#P < 0.05, ‡P < 0.01).
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molecular-weight species and the appearance of oligo-

mers were delayed. Taken together, our results suggest

that ZnPc(COONa)8 alters the fibril formation micro-

environment, thereby inhibiting nucleation and oligo-

merization.

Finally, we examined the effect of ZnPc on neuronal

viability. In agreement with previous studies [38], our

preliminary experiments showed that ZnPc(COONa)8
accumulated inside the cells in a neuronal cell culture

system (data not shown). Nevertheless, ZnPc(CO-

ONa)8 alone did not decrease the cell viability; rather

it provided at least some protection against Ab-
induced neurotoxicity. Ab oligomers are considered to

be the most toxic species of Ab [11,12]. Thus, the

decrease in oligomer formation by ZnPc(COONa)8
may account for the neuroprotective effect.

In conclusion, our results indicate that water-soluble

ZnPc(COONa)8 binds to Ab peptides and inhibits olig-

omerization and subsequent fibril formation processes.

It also destabilizes pre-formed fibrils. We consider that

ZnPc(COONa)8 has potential value as a diagnostic

probe for NIR imaging of fibrils in AD brains, and

may also be a candidate for treatment of AD.

Experimental procedures

Materials

Ab1-40 and Ab1-42 were purchased from the Peptide Insti-

tute (Osaka, Japan). The peptides were dissolved in 0.1%

NH3 at a concentration of 250 lM, immediately divided

into aliquots, and stored at �70°C. Chromatographic data

provided by the manufacturer indicated monomeric form

of the peptides. ThT and filter-sterilized deionized water

were purchased from Wako Pure Chemicals (Richmond,

VA) and Sigma-Aldrich (St Louis, MO), respectively. Pre-

stained protein size markers were obtained from Nippon

Genetics Europe (Duren, Germany), and 4–20% Tris-gly-

cine polyacrylamide was obtained from Bio-Rad (Hercules,

CA). Nitrocellulose membrane for the dot-blot assay was

obtained from Millipore (Billerica, MA).

Synthesis of phthalocyanines

In this study, four phthalocyanines were used. ZnPc(CO-

ONa)8 and ZnPc(COONa)16 were dissolved in H2O. ZnPc

(COOC5H11)8 and PdPc dimer were dissolved in chloroform.

The phthalocyanines were each dissolved at 1 mM concentration,

A

C

D

B

Fig. 7. Effects of ZnPc(COONa)8 on

secondary structure and oligomerization of

the Ab peptide. Ab1-40 (100 lM) was

incubated in fibril-forming buffer in the

absence or presence of ZnPc(COONa)8

(2 lM) for the indicated times. The

samples were then diluted with H2O to

give Ab1-40 and ZnPc(COONa)8

concentrations of 10 and 0.2 lM,

respectively, and the changes in

secondary structure were evaluated by CD

spectroscopy. (A) Representative CD

spectra of Ab1-40 alone or Ab1-40 with ZnPc

(COONa)8 incubated for 0 and 2 h.

(B) Percentage of different secondary

structures in a representative experiment.

(C) Ab1-42 (50 lM) was incubated in fibril-

forming buffer in the absence or presence

of ZnPc(COONa)8 (5 lM) for the indicated

time. Two micrograms of peptide was

separated by SDS/PAGE using a 4-20%

gradient Tris-glycine gel, and peptide

bands for Ab1-42 species were visualized

by Coomassie Brilliant Blue staining, as

described in Experimental procedures. (D)

After incubation, 2 lg peptide was spotted

on a nitrocellulose membrane, and Ab1-42
oligomers were detected using oligomer-

specific antibody, as described in

Experimental procedures.
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and the solutions were stored at -20°C until use. Preparation

of these phthalocyanines [39,40] is described below.

ZnPc(COOC5H11)8

A mixture of 4,5-dichlorophthalonitrile (1.0 g, 5.1 mmol)

and n-hexyl-4-hydroxylbenzoate (4.3 g, 19.3 mmol) in dim-

ethylformamide (60 mL) was stirred in the presence of

K2CO3 (4 x 4 g) at 65°C for 24 h. The reaction mixture

was poured into ice-cold water to give a whitish–brown

precipitate, which was extracted with CHCl3 (5 x 100 mL).

The organic extracts were dried over anhydrous MgSO4

(25 g), and concentrated under vacuum to give a yellow oil.

Re-crystallization from methanol gave 4,5-bis[(4-hexyloxy-

carbonyl)phenoxy]phthalonitrile as a white solid (yield

2.2 g). The obtained compound (460 mg, 0.81 mmol) was

used for reaction with Zn(OAc)2�2 H2O (65 mg,

0.30 mmol) in n-pentanol (10 mL) containing a few drops

of 1,8-diazabicyclo[5.4.0]undec-7-ene. The reaction mixture

was refluxed overnight, and then volatiles were removed

under reduced pressure to give a greenish blue solid.

During the nitrile cyclization reaction in n-pentanol, hexyl-

oxy groups on the nitrile were replaced with pentoxy

groups from the reaction solvent. Re-crystallization of the

crude product from EtOH/H2O gave the compound ZnPc

(COOC5H11)8 as a green solid (yield 280 mg).

ZnPc(COONa)16

A mixture of 4,5-dichlorophthalonitrile, 5-hydroxyisophtha-

late and K2CO3 in dimethylformamide was stirred at 65°C for

24 h, and then poured into ice-cold water to give a white–

brown precipitate, which was extracted using CHCl3. The

organic extracts were dried over anhydrous MgSO4, and con-

centrated under vacuum to give a yellow oil. Re-crystallization

from methanol produced 4,5-bis[(3,5-bismethoxycarbonyl)

phenoxy]phthalonitrile (1st compound) as a white solid.

The 1st compound was mixed with Zn(OAc)2�2 H2O and

a few drops of 1,8-diazabicyclo[5.4.0]undec-7-ene in n-penta-

nol, and refluxed overnight. The volatiles were removed

under vacuum to give a greenish blue solid, which was puri-

fied by column chromatography using dichloromethane/ethyl

acetate (20:1). The crude product was re-crystallized from tet-

rahydrofuran/MeOH to give the 2nd compound zinc (II)

A

B

C D

Fig. 8. Effects of ZnPc(COONa)8 on neuronal viability in culture. (A) Cells of a neuronal cell line (A1) were cultured in Dulbecco’s modified

Eagle’s medium containing 1% fetal bovine serum in the presence of the indicated concentrations of ZnPc(COONa)8 or Ab1-42 for 48 h.

Representative photomicrographs of A1 cells cultured with ZnPc(COONa)8 (top row) or Ab1-42 (bottom row) are shown. (B) A1 cells were

treated with Ab1-42 (5 lM) and the indicated concentrations of ZnPc(COONa)8, and representative photomicrographs after 48 h treatment are

shown. (C) After treatment with the indicated concentrations of Ab1-42 or ZnPc(COONa)8 for 48 h, the viability of A1 cells were evaluated by

the MTT assay. Values are means � SEM for three experiments; white bars-ZnPc(COONa)8; black bars-Ab1-42. (D) A1 cells were cultured

with Ab1-42 (5 lM) and the indicated concentrations of ZnPc(COONa)8 for 48 h, and cell viability was evaluated by the MTT assay, as

described in Experimental procedures. The data presented in (C) and (D) are percentages of the control (viable cells in normal culture).

Symbols indicate statistically significant differences compared with the 0 lM ZnPc(COONa)8 condition (*P < 0.05).
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2,3,9,10,16,17,23,24-octakis[(30,50-bispentyloxycarbonyl)phen-
oxy]phthalocyanine as a green solid.

The 2nd compound was dissolved in tetrahydrofuran,

and the solution was added slowly to a saturated NaOH

solution in water/methanol (1:5) (100 mL). The mixture

was stirred at 40°C for 4 h. The resulting precipitate was

collected by filtration, washed repeatedly with MeOH and

CHCl3 at room temperature, dissolved in water, and neu-

tralized with 1 M HCl (to pH 7). The compound ZnPc

(COONa)16 was precipitated as a green solid upon addition

of ethanol.

ZnPc(COONa)8

A saturated NaOH solution in water/methanol (1:5)

(100 mL) was added slowly to a tetrahydrofuran (5 mL)

solution of ZnPc(COOC5H11)8 (200 mg). The mixture was

stirred at 40°C for 4 h. The resulting precipitate was col-

lected by filtration, washed repeatedly with MeOH and

CHCl3, dissolved in water, and neutralized with 1 M HCl

(to pH 7). Ethanol was added to precipitate ZnPc

(COONa)8 as a green solid (yield 66 mg).

PdPc dimer

A mixture of 4,5-bis(2,6-dimethylphenoxy)phthalonitrile

(997 mg, 2.7 mmol), bis(1,3-diiminoisoindoline) (115 mg,

0.54 mmol) and PdCl2 (295 mg, 1.7 mmol) in n-propanol

(10 mL) and 1,8-diazabicyclo[5.4.0]undec-7-ene (1.0 mL)

was heated at 110°C for 30 h. After the reaction mixture had

cooled, toluene (30 mL) was added, and the resulting precipi-

tate was collected by filtration, and vacuum-dried to give a

green solid. This product was dissolved in toluene and sub-

jected to gel filtration chromatography with toluene as an

eluent to produce two major fractions. PdPc dimer was

obtained from the first fraction (yield 112 mg) and PcPc was

obtained from the second fraction (yield 645 mg).

Ab fibril formation

Synthetic Ab peptides were added to fibril-forming buffer

(50 mM phosphate buffer, pH 7.5, 100 mM NaCl) contain-

ing various concentrations of phthalocyanines [41]. As a

control, peptides were added to fibril-forming buffer with-

out phthalocyanines (addition of solvent only). The reac-

tion mixtures were incubated for indicated times at 37°C
without agitation, and then the reaction was terminated by

freezing the samples quickly.

Quantification of Ab fibril formation

Ab fibril formation was determined by ThT fluorescence

spectroscopy [41]. Samples were diluted tenfold with glycine

(pH 8.5, 50 mM final concentration), then ThT was added

(5 lM final concentration), and the fluorescence signal was

measured with excitation at 446 nm and emission at 490

nm using an F2500 spectrofluorimeter (Hitachi, Tokyo,

Japan). The florescence intensity of Ab fibrils in a sample

was normalized by subtracting the fluorescence intensity of

the buffer alone.

For further evaluation of fibril formation, 25 lg Ab1-42
at 100 lM concentration in the absence or presence of

ZnPc(COONa)8 (5 lM) was used for fibril formation for

24 h. The fibrils were removed from the samples using an

Amicon 100 kDa cut-off filter (Millipore), and the filtrates

were concentrated by evaporation. Total protein in the fil-

trates was measured using an ND-1000 UV/Vis spectropho-

tometer (NanoDrop Technologies, Wilmington, DE) by

evaluating absorbance at 280 nm.

Electron microscopic analysis of Ab fibrils

Electron microscopic analysis of Ab fibrils was performed

as described previously [41]. Briefly, after incubation of Ab
(50 lM) in the absence or presence of ZnPc(COONa)8
(5 lM) for the desired times, a 5 lL sample was applied to

a carbon-coated Formvar grid (Nisshin EM Co., Tokyo,

Japan). After incubation for 1 min, an equal volume of

0.5% v/v glutaraldehyde solution was applied to displace

the sample, and incubation was continued for an additional

1 min. The grid was washed with water and dried. Then

10 lL of 2% w/v uranyl acetate solution was applied, and

the grid was incubated for 2 min. Finally, excess uranyl

acetate was soaked with a paper towel, and the grid was

air-dried and examined under an EM-002B electron micro-

scope (Topcon, Tokyo, Japan).

ANS fluorescence assay

To analyze the relative exposure of hydrophobic surfaces

of Ab1-42, we measured the change in the fluorescence

intensity of ANS (Sigma-Aldrich), using a Hitachi F2500

spectrofluorimeter. The excitation wavelength was 360 nm,

and emission was scanned from 380–600 nm at a rate of

300 nm�min�1. The slit widths for excitation and emission

were 5 nm. Maximum emission values are means � SEM

of three independent experiments, and are expressed in

arbitrary fluorescence units.

Gel electrophoresis analysis of Ab

After fibril formation, Ab samples were separated by SDS/

PAGE using a 4–20% gradient Tris-glycine gel (Bio-Rad).

For electrophoresis, 2 x SDS non-reducing sample buffer

(Invitrogen, Carlsbad, CA) was added to 2 lg Ab peptide

in a final volume of 20 lL, and the mixture was incubated

for 2 min at 85°C. After electrophoresis, the gel was fixed

using fixation buffer (40% methanol, 10% acetic acid) for
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30 min, and then stained for 1 h using Biosafe Coomassie

Brilliant Blue G250 (Bio-Rad). After staining, the gel was

washed overnight with water, and scanned using a gel scan-

ner (Bio-Rad).

Determination of oligomers by dot-blot

immunoassay

After fibril formation, aliquots equivalent to 2 lg Ab1-42
peptide were spotted on a nitrocellulose membrane. To

detect oligomer, an oligomer-specific antibody (A11, Invi-

trogen) was used; this antibody specifically reacts with a

variety of soluble oligomeric protein/peptide aggregates

including Ab, regardless of their amino acid sequence, and

does not react with monomer species or insoluble fibrils of

protein/peptide [42]. In the case of Ab oligomer, it has been

shown to react with species of at least octamer in size. To

detect immunoreactive oligomers, an infrared dye conju-

gated anti-rabbit IgG and Odyssey infrared dye scanning

system (Li-Cor Biosciences, Lincoln, NE) were used

according to the manufacturer’s instructions.

Phthalocyanine binding assay

To evaluate the binding of ZnPc(COONa)8 to Ab1-42 pep-

tide, Ab fibrils were prepared by incubation of the peptide

in fibril-forming buffer for 24 h, then indicated concentra-

tions of ZnPc(COONa)8 were added to the fibril equivalent

to a peptide concentration of 50 lM, and incubation was

continued for 24 h. A sample containing 5 lg peptide was

immunoprecipitated with a monoclonal Ab-specific anti-

body (Santa Cruz, Dallas, TX). The immunoprecipitates

were taken in a ELISA plate and scanned at 680 nm using

an Odyssey infrared scanner (Li-Cor) to detect ZnPc(CO-

ONa)8. Two negative controls were run, comprising fibril-

forming buffer alone containing the indicated concentra-

tions of ZnPc(COONa)8 immunoprecipitated with Ab-spe-
cific antibody, and use of mouse normal IgG for

immunoprecipitation instead of Ab-specific antibody.

Analysis of secondary structures of Ab peptide

To prepare samples for evaluation of changes of secondary

structures during fibril formation, ZnPc(COONa)8 (2 lM)
was added to Ab1-40 monomers (100 lM) in fibril-forming

buffer, and the mixture was incubated at 37°C for 0 and

2 h. The samples were diluted with water to obtain final

concentrations of Ab1-40 and ZnPc(COONa)8 of 10 and

0.2 lM, respectively. Then CD spectra in the range 190–

250 nm were acquired at 50 nm�min�1 using a Jasco J-720

spectropolarimeter (Jasco Corporation, Tokyo, Japan) and

a quartz cell with 3 mm optical path length. The results

are expressed as mean of residue molar ellipticity of 5

scans, and the percentages of secondary structures in the

samples were estimated using the Protein Secondary Struc-

ture Estimation Program (Jasco Corp.) using published ref-

erence CD spectra [43].

Cell culture

Human neuronal cell line A1 was generated by somatic

fusion between a human fetal cerebral neuron and a human

neuroblastoma cell, and shows characteristic morphologi-

cal, electrophysiological and expressional features of neu-

rons [44]. A1 cells were cultured in Dulbecco’s modified

Eagle’s medium (Wako Pure Chemicals) containing 5%

fetal bovine serum (Gibco, Invitrogen). During stimulation

with Ab1-42 and ZnPc(COONa)8, the concentration of fetal

bovine serum was reduced to 1%. Photomicrographs of the

cultured cells were obtained using an inverted cell culture

microscope (Olympus CK-2, Olympus, Tokyo, Japan)

equipped with a digital photography system (Olympus).

MTT cell viability assay

The effect of ZnPc(COONa)8 on Ab-induced neuronal tox-

icity was evaluated by an MTT cell viability assay, as

described previously [45]. Briefly, A1 cells (3 x 103/well)

were seeded into wells of a 96-well plate and cultured for

48 h. The cells were treated with the indicated concentra-

tions of ZnPc(COONa)8, Ab1-42 or both Ab1-42 and ZnPc

(COONa)8 in 100 lL Dulbecco’s modified Eagle’s medium

containing 1% fetal bovine serum for 48 h. After incuba-

tion, 20 lL of MTT solution (Sigma-Aldrich) (5 mg�mL�1)

was added to the culture medium, and incubation was con-

tinued for 3.5 h at 37°C. Then the medium was removed

carefully, MTT solvent (4 mM HCl, 0.1% Nonidet� P-40

(Nacalai Tesque, Kyoto, Japan) in isopropanol) was added,

and incubation was continued for 15 min at room tempera-

ture with protection from light. The absorbance was read

at 590 nm. The absorbance of the cells under normal cul-

ture conditions was used as a control.

Statistical analysis

The results are expressed as means � SEM of at least three

independent experiments. Statistical analysis to compare

mean values was performed using one-way ANOVA, fol-

lowed by Scheffe’s post hoc test, or Student’s t test. Fibril

formation kinetics were analyzed using SigmaPlot software

(Systat Software Inc, San Jose, CA, USA), and P

values < 0.05 were taken as indicating statistical significance.
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