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ABSTRACT: Alzheimer’s disease (AD) is a complex multifactorial
syndrome. Metal chelator and Aβ inhibitor are showing promise against
AD. In this report, three small hybrid compounds (1, 2, and 3) have been
designed and synthesized utilizing salicylaldehyde (SA) based Schiff bases as
the chelators and benzothiazole (BT) as the recognition moiety for AD
treatment. These conjugates can capture Cu2+ from Aβ and become dimers
upon Cu2+ coordination and show high efficiency for both Cu2+ elimination
and Aβ assembly inhibition. Besides, the complexes have superoxide
dismutase (SOD) activity and significant antioxidant capacity and are
capable of decreasing intracellular reactive oxygen species (ROS) and
increasing cell viability. All these results indicate that the multifunctional
metal complexes which have Aβ specific recognition moiety and metal ion
chelating elements show the potential for AD treatment. Therefore, our work
will provide new insights into exploration of more potent amyloid inhibitors.

■ INTRODUCTION
Alzheimer’s disease (AD) is the most common form of
dementia, which affects more than 15 million people world-
wide.1 This figure is projected to double every 20 years as a
result of an increasing life span. AD is characterized by cerebral
extracellular amyloid plaques and intracellular neurofibrillary
tangles.2 The amyloid β peptide (Aβ) with 39−42 residues is
the major component of amyloid plaques found in brains of AD
patients. Although the molecular mechanisms of AD patho-
genesis have not been clearly understood due to its complexity,
recent advances have demonstrated that polymerization of Aβ
into amyloid fibrils is a critical step in the pathogenesis.2 The
origin of insoluble extracellular neurotoxic deposits is still not
clear, and multiple factors such as pH, temperature, protein
concentration, and ionic strength have been reported to trigger
their formation.3 Therefore, the inhibition of Aβ assembly has
been considered as the primary therapeutic strategy for the
neurodegenerative diseases.
Metal ions are involved in the assembly and neurotoxicity of

Aβ species.4 Copper, concentrated in amyloid plaques (≈0.4
mM), is involved in the pathogenesis of AD.5 Cu2+ is able to
accelerate the formation of Aβ aggregates and influence their
conformational transformation.6 In addition, the Aβ-bound
Cu2+ can contribute to the formation of neurotoxic reactive
oxygen species (ROS).7 Therefore, metal-ion chelation therapy
as a treatment for AD has been explored to prevent Aβ
deposition and ROS production.8

Peptide or peptide mimetics9 and small organic molecules
with aromatic groups10 are now the two main classes of Aβ

inhibitors. The hydrophobic core KLVFFA, positioned at the
β1 region in the structural model of Aβ1−40 fibrils, is crucial
for the self-assembly of Aβ into fibrils. Short peptides
containing the core sequence have been used as “binding
element” to design the inhibitors of fibrillization. A number of
low-molecular-mass Aβ aggregation inhibitors have also been
identified by screening of compound libraries as well as rational
design strategies. The resulting inhibitors include such
chemically diverse compounds as curcumin, (−)-epigallocha-
techingallate (EGCG), and rifampicin. However, a majority of
the above inhibitors show only moderate inhibition efficiency
attributed to their poor ability to interact over the large
interface of interaction of Aβ peptides during the aggregation
process or to interact simultaneously with the multiple binding
surfaces.11 Therefore, there is ever-increasing demand for
designing novel more potent AD inhibitors.
Evidences support the hypothesis that ligands exhibiting

greater affinity for the β-amyloid peptide are more effective at
preventing amyloid formation and inhibiting amyloid neuro-
toxicity.12 The use of multiple simultaneous interactions to
enhance target binding affinity and specificity is an important
concept and versatile in biology. Therefore, development of
new multimeric molecules used for AD therapy has received
much attention in recent years.13 These multimeric molecules
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show stronger ability to block fibril formation than the
corresponding monomers. Molecular self-assembly, which
combines the facile multimerization observed in the family of
antibodies, and the improved binding affinity and specificity of
synthetic organic molecules represent an intriguing hybrid
approach to targeting amyloid.13

Metal complexation has been used as scaffold to design
three- or four-helix bundles.14 Considering the high concen-
tration of Cu2+ in amyloid plaques, combining metal complex-
ation and ligand interaction may offer a novel method to
construct multivalent Aβ inhibitors. Benzothiazole is known to
possess binding affinity for β-amyloid plaques when appropri-
ately derivatized and has been used as essential part of some
imaging agents for β-amyloid plaques.15 Thus, we designed and
synthesized three small hybrid compounds, (E)-2-((benzo[d]-
thiazol-2-ylimino)methyl)phenol 1, (E)-2-((benzo[d]thiazol-2-
ylimino)methyl)-4-chlorophenol 2, and (E)-2-((benzo[d]-
thiazol-2-ylimino)methyl)-4-nitrophenol 3 (Figure 1) utilizing
salicylaldehyde based Schiff bases as the chelators and
benzothiazole as the recognition moiety. These conjugates are
designed to become dimers due to Cu2+ coordination, holding
great promise for Cu2+ elimination and Aβ assembly inhibition
abilities.

■ RESULTS AND DISCUSSION
Prediction of BBB Penetration of compound 1, 2, and

3. A major impediment to the development of effective anti-Aβ
compounds for AD therapy is that essentially 100% of large-
molecule drugs and >98% of small-molecule drugs fail to cross
the blood−brain barrier (BBB).16 Filters to ensure that the
resultant molecules fulfill drug-like criteria that are most
commonly defined using Lipinski’s rules:17 molecular weight
(MW) less than 500, the calculated logarithm of the octanol−
water partition coefficient (clogP) less than 5, the number of
hydrogen bond donor atoms (HBD) less than 5, and the
number of hydrogen-bond acceptor atoms (HBA) less than 10.
Filter for prediction of BBB penetration involves calculation of
log BB by means of the equation shown in the footnote of
Table 1. This equation has shown good predictive ability and
comprises two simple variables that can be rapidly computed
for any structure: clogP and the topological polar surface area
(TPSA). The multifunctional small molecules were prepared
via Schiff base condensation between benzothiazole and
salicylaldehyde or its derivates (Figure 1). By changing the R

group on the salicylaldehyde, the aqueous solubility, lip-
ophilicity, and BBB permeability can be modified. Defined by
the restrictive terms of Lipinski’s rules and calculated log BB for
potential applications in brains, compounds 1−3 fulfil drug-like
criteria and possible brain penetration (Table 1).

Chelating Properties of Compounds toward Cu2+. All
of the three compounds were studied by UV−vis spectroscopy
to determine their ability to act as Cu2+ chelators.18 To this end,
spectrophotometric titrations were used for the Cu2+ binding.
As an example, a series of UV−vis spectra of compound 1
titrated by Cu2+ were shown in Figure 2, while the spectra of
compound 2 and 3 were given in Figure S1 in Supporting
Information. In the absence of Cu2+, the UV−vis spectrum of
compound 1 showed absorption maximum at 375 nm and a
shoulder at 330 nm. When Cu2+ was added, a new band at 460
nm appeared which was associated with the copper complex.
Therefore, the binding stoichiometry of compound 1 with
CuCl2 was determined by following the absorption changes at
460 nm. The presence of an isosbestic point revealed the
formation of a unique Cu2+−1 complex (Figure 2), and
titration analysis was consistent with a 1:2 Cu2+/ligand molar
ratio (Figure 2 inset). We have also made an attempt to
estimate the binding affinity of compound 1 to Cu2+ and the
log Kb value for the 2:1 complex was calculated to be 13. For
Cu2+, the binding affinity follows the order 1 > 2 > 3, which was
consistent with the general rule for a series of similar ligands
that the binding constants increased with increasing ligand
basicity.
To explore the metal binding properties of compounds 1−3

with other biologically relevant metal ions, the optical

Figure 1. (A) Combination of the main features of ThT and CQ provides new ligands with potential intercalating and chelating properties. (B)
Synthesis of compounds 1−3. Compound 1, R = H; compound 2, R = Cl; compound 3, R = NO2.

Table 1. Physical Properties of XSABT Ligands Used in Our
Studies

calculationa 1 2 3 rules

MW 254.05 288.75 299.30 ≤450
clogP 1.80 2.52 1.55 ≤5.0
HBA 3 3 6 ≤10
HBD 1 1 1 ≤5
log BB −0.26 −0.15 −0.97 ≥-1.0

aMW: molecular weight. clogP: calculated logarithm of the octanol−
water partition coefficient. HBA: hydrogen-bond acceptor atoms.
HBD: hydrogen-bond donor atoms. log BB = −0.0148 × PSA + 0.152
× clogP + 0.130.
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responses of compounds 1−3 in the presence of other metal
ions (Mg2+, Ca2+, Al3+, Fe3+, Co2+, or Ni2+) were examined19 as
depicted in Figure S2A,C,E in Supporting Information. Taking
compound 1 for example, less optical changes were observed
upon incubation of ligands with these metal ions. Then the
selectivity of compound 1 for Cu2+ in the presence of other
divalent metal ions was investigated by UV−vis (Figure S2B in
Supporting Information). The optical intensity at 460 nm
(absorption band for Cu2+-treated compound 1) was
monitored when the appropriate metal ions (25 μM) were
added to a 50 μM solution of compound 1 followed by the
subsequent treatment with 25 μM Cu2+. As shown in Figure
S2B in Supporting Information, binding of compound 1 (50
μM) to Cu2+ (25 μM) was observed in the presence of other
metal ions (25 μM), which indicated that compound 1 was
selective to Cu2+. Similar results were observed for compound 2
but not 3, which showed relatively poor Cu2+ selectivity.
Copper is concentrated in amyloid plaques and directly

coordinates Aβ at the histidine side chains in its amino
terminus.4 We next investigated Cu2+ transfer from Aβ to
compounds 1−3 by UV−vis spectra. Upon adding compounds
1−3 to Cu2+−Aβ, the UV−vis spectrum changed steadily
toward the typical spectrum of Cu2+−1, 2, and 3 (Figure S3 in
Supporting Information). The competitive binding of com-
pounds 1−3 for Cu2+ suggested that the chelators would
sequester Cu2+ from Aβ and therefore inhibited Cu2+ induced
Aβ aggregation.
Inhibition of Cu2+ Induced Aβ Aggregation. Cu2+ is

known to cause Aβ aggregation in solution, and the interaction
of Aβ peptide with Cu2+ is known to be pH dependent. It has
been reported that Cu2+-induced Aβ aggregation is more
significant at pH 6.6 than at pH 7.4.6a To investigate the
influence of ligands on Cu2+-induced Aβ aggregation, we
performed two individual studies in a weak acidic buffered
aqueous solution: inhibition (the prevention of forming metal-
induced Aβ aggregates) and disaggregation (the transformation
of metal−Aβ aggregates by chelators). The effect of ligands on
metal-induced Aβ1−40 aggregation was assessed, and clioqui-
nol (CQ) was used as a positive control because CQ is known
to attenuate metal ion−Aβ aggregation.8 The degree of Aβ
aggregation was probed mainly by light scattering, which
exhibited the change in solution turbidity as a result of

precipitate formation,20 and atomic force microscopy (AFM),
which showed the morphology of Aβ aggregates.21

Synthetic human Aβ1−40 was dissolved in a buffered
aqueous solution (10 mM HEPES, pH 6.6, 150 mM NaCl, 2-
[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid
(HEPES)) to which Cu2+ was added. Addition of metal ion
caused significant Aβ aggregation, which was monitored by
recording the light scattering on a fluorescence spectropho-
tometry (Figure 3). Higher light scattering at 320 nm (LS320) of

the resultant solution indicated more aggregates existing. The
presence of 2 equiv of compounds 1−3 inhibited Cu2+-induced
aggregation significantly. Metal-associated aggregation could
also be attenuated upon subsequent addition of ligand.
Addition of metal-binding ligands to Aβ−Cu2+ aggregates
reduced the scattering by varying extents (Figure 3).
Morphological analysis of Aβ aggregates on the surface of
mica formed by interaction between Aβ40 and Cu2+ with or
without chelators was achieved by AFM. Sample without a
chelator showed a lot of Aβ40 deposits (Figure 3), while in the
samples with compounds 1−3, the large plaques of amorphous
Aβ40 aggregates became smaller and fewer (Figure 3B−D).
The Cu2+ trials showed that all the chelators significantly

reduced the amount of aggregated Aβ in the solution.
Interestingly, the relative disaggregation activities of the three
ligands were higher than that of CQ for the Cu2+ trials, despite
the large difference in metal binding affinity (Figure S4 in
Supporting Information). Aβ targeted metal chelator is known
to result in better modulation of Aβ aggregation.22 We
speculated that the increased disaggregation activity of
compounds 1−3 could be due to Aβ intercalating ability of
these benzothiazole compounds.

Inhibition of Aβ Self-Assembly. Molecular self-assembly,
which is the spontaneous association of molecules under
equilibrium conditions into stable, structurally well-defined
aggregates that are joined by noncovalent bonds, is ubiquitous
in biological systems and underlies the formation of a wide
variety of complex biological structures. An interesting goal of
molecular assembly is to obtain biomolecules to display
multivalent interactions, which are characterized by simulta-
neous binding of multiple ligands on one biological entity to
multiple receptors on another with high avidity.23 Various

Figure 2. UV−vis titration of compound 1 with Cu2+ in 50% (v/v)
DMSO/buffer (10 mM HEPES, 150 mM NaCl, pH 6.6) at room
temperature. The concentration of Cu2+ was varied from 0 to 100 μM.
Inset: change in absorbance at 460 nm with increased concentration of
Cu2+ derived from the UV−vis titration, a breakpoint was observed at
0.5:1 ratio. The concentration of compound 1 was 50 μM.

Figure 3. Inhibition and disaggregation of Cu2+-induced Aβ aggregates
by chelators. Left: Effect of chelators on the Cu2+-induced Aβ
aggregation was evaluated by the change of LS at 320 nm. Black,
inhibition experiments; red, disaggregation experiments. Right: The
morphology of Aβ aggregates after 24 h incubation without (A) or
with (B) compound 1, (C) 2, or (D) 3 was analyzed by AFM
(disaggregation experiments). Scale bars: 500 nm. Inhibition experi-
ments: compounds 1−3 was added before incubation of Aβ−Cu2+.
Disaggregation experiments: 1−3 was added after 24 h incubation of
Aβ−Cu2+. [Aβ] = 10 μM; [Cu2+] = 10 μM; [1], [2], or [3] = 20 μM.
Buffer: 10 mM HEPES, 150 mM NaCl, pH 6.6.
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approaches have been developed to engineer multivalency by
linking multiple ligands together.24 Considering the general
Cu2+ content in the AD brain is at least 1 order of magnitude
higher than that in the blood, we suggest that the compounds
1−3 can selectively assemble to dimer in the brain (Figure S5
in Supporting Information), which is able to inhibit Aβ self-
assembly effectively.
We first compared the Aβ binding affinity of compounds 1−

3 and their copper complexes. Taking advantage of the Aβ
tyrosine fluorescence quenching effect of the compounds, the
apparent binding constants6d yielded by nonlinear least-squares
fitting (Figure S6 in Supporting Information) were shown in
Table 2. All the copper complexes exhibited stronger binding

affinity than their ligands with an enhancement of one order
due to the multivalent effect, which meant that these complexes
might have stronger Aβ aggregation inhibition ability.12

To directly compare the effects of compounds 1−3 and their
copper complexes 4−6 on Aβ aggregation, Aβ1−40 was
incubated for 7 days in the presence of chelators or their copper
complexes in different ratios. The ratios were expressed per
mole of ligand. Thioflavin T (ThT) analysis showed that 4−6
inhibited Aβ1−40 aggregation in a concentration dependent
manner; the strongest inhibition occurred at the highest
concentration used (Figure 4). Taking 6 for example, a 1:2 ratio

of Aβ/3 (in 6) inhibited the relative change of ThT
fluorescence by more than 75%, whereas the same ratio of 3
inhibited ThT by only 35% (Figure S8 in Supporting
Information). 6 was a stronger potent inhibitor of Aβ
aggregation than 3, which was consistent with our expectation.
As to compound 1 and 2, neither of them showed any
inhibition (Figure S7 in Supporting Information), while their
Cu2+ complexes exhibited significant ability to prevent Aβ
fibrillization (Figure 4).

AFM was used to determine the morphology of the Aβ40
assembly when maximal ThT binding was observed. Classical
amyloid fibrils were observed in samples of untreated Aβ40
(Figure 4A).21 The Aβ40 fibrils were nonbranched, helical
filaments with diameters of ∼10 nm and lengths of up to
several micrometers. The addition of compounds 1−3 (100 μM
concentration) could hardly or only slightly alter the assembly
of Aβ40 (date not shown). In contrast to the results with
compounds 1−3, stronger inhibition of fibril assembly was
observed in 4-, 5-, and 6-treated samples at the same
concentrations. In addition, numerous small, relatively
amorphous aggregates were observed (Figure 4B−D).
We next performed a variety of experiments in order to

determine whether these metal complexes could dissociate the
existing fibrils of Aβ. The addition of complexes after the
completion of the fibrillation reaction, as monitored by ThT,
led to a rapid, concentration dependent decrease in
fluorescence signal that was consistent with loss of fibrils,
whereas in controls with no complexes, the ThT signal
remained essentially constant (Figure 5). AFM experiments
further supported that the metal complexes 4−6 could
remarkably decrease fibril numbers (Figure 5) while increasing
the amorphous aggregates.

The 1:2 copper complexes of 1−3, having a high binding
constant, are expected to be stable in biological solutions,
without undergoing hydrolysis. They are desired to be more
stable than the ones formed by mixing the two reagents. Upon
Aβ binding, the metal-to-ligand charge-transfer (MLCT) bands
of the metal complexes did not change (Figure S8 in
Supporting Information), indicating that Aβ binding did not
destroy the complex structure.
The influence of copper ions on aggregation of Aβ has been

intensively studied over the past decade. Nevertheless, many
important aspects like the effect of metal ions on aggregation
kinetics and the effect of chelators on metal-induced
aggregation of Aβ are still elusive. In early studies, metal ions
have been reported to enhance the rate of Aβ fibrillization and
metal chelators acted in an opposite direction by reversing the
aggregation.6,7 Later on, evidence demonstrate that metal-
induced Aβ aggregates are predominantly nonfibrillar.25 Recent
results show that the aggregated state of Aβ peptide in vitro
depended on the concentration of Cu2+. Image study indicates

Table 2. Kb (Binding Constant) of Chelators or Their
Copper Complexes to Aβ

1 2 3

ligand 1.0 × 105 M−1 3.2 × 105 M−1 8.9 × 105 M−1

complex 1.9 × 106 M−1 1.8 × 106 M−1 7.3 × 106 M−1

Figure 4. Inhibition of Aβ self-assembly by metal complex. Left:
Concentration-dependent inhibition of Aβ fibrillogenesis assessed by
ThT assay. Right: The morphology of Aβ aggregates was analyzed by
AFM images in the absence (A) or presence of 4 (B), 5 (C), or 6 (D).
Aβ was fixed at 50 μM and was mixed with 4−6. Aliquots were kept at
37 °C for 7 days after being mixed. All the reactions were conducted
without agitation. Buffer: 10 mM HEPES, 150 mM NaCl, pH 7.3.
Scale bars: 500 nm.

Figure 5. Disassembly of Aβ fibrils by 4−6. Left: Concentration-
dependent disassembly of Aβ fibrillogenesis assessed by ThT assay.
Right: The morphology of Aβ was analyzed by AFM in the absence
(A) or presence of 4 (B), 5 (C), or 6 (D). Aβ was fixed at 50 μM and
fibrillar Aβ40 was mixed with 4−6. Aliquots were kept at 37 °C for 24
h after being mixed. All the reactions were conducted without
agitation. Buffer: 10 mM HEPES, 150 mM NaCl, pH 7.3. Scale bars:
500 nm.
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that at low concentrations of Cu2+, the aggregates are mature
fibrils, whereas at high Cu2+ concentrations, granular aggregates
are formed.26 Medium- and high-affinity metal chelators
including metallothioneins can initiate fast Aβ42 fibrillization.27

Consequently, the outcome of metal-chelation therapy might
vary between two opposite scenarios: removal of metal ions
especially of Cu2+ and reduction of their toxicity; solubilization
of metal induced Aβ aggregates and promotion of Aβ
fibrillization and amyloid formation under certain conditions,
which threw the chelator therapy into a dilemma. Thus,
alternative mechanisms should be applied to stop amyloido-
genesis and reduce amyloid load of AD patients. As
demonstrated above, compounds 1−3 can remove Cu2+ from
Aβ and reduce their toxicity, and the formed metal complexes
4−6, on the other hand, can inhibit Aβ fibrillization and
disassemble formed Aβ fibrils (Figure 6). Therefore, our
strategy described here may shed light on how to design more
potent amyloid inhibitors.

Inhibition of H2O2 Production. The formation of ROS by
Cu−Aβ has been suggested as another proposed mechanism of
AD pathogenesis.7,28 This could cause an increase in oxidative
stress, which triggers damage of cellular components such as
DNA, lipids, and proteins.29 Under reducing conditions, the
Aβ−Cu complex reacts with O2 to generate H2O2. The effects
of the chelators on the generation of H2O2 by compounds 1−3
were examined in cell-free solutions by a widely used
horseradish peroxidase (HRP)/luminol chemiluminescence
assay. Samples containing Cu2+, Aβ, and compounds 1−3
showed less H2O2 at different levels (Figure 7), indicating that
all compounds 1−3 could reduce H2O2 produced by Cu−Aβ.
SOD (Superoxide Dismutase) Activity of Metal

Complexes. Partial deficiency of SOD-2, which plays an
important role in the clearance of ROS, has been shown to
accelerate plaque deposition30 and increase tau phosphorylation
in AD mice models.31 SOD-2 deficiency has also been shown to
accelerate the onset of a number of behavioral deficits in hAPP
mice.32 Overexpression of SOD-2 reduces hippocampal
superoxide and prevents memory deficits in a mouse model
of Alzheimer’s disease.33 Overexpression of Mn-SOD or
addition of MnTE-2-PyP5+ (SOD mimic) can protect against

β-amyloid-induced neuronal death and improve mitochondrial
respiratory function.34 Considering the fact that the active
centers of superoxide dismutase (SOD) are metal complexes,
we speculate that although the chelator is inert, when the
chelator captures Cu from Aβ−Cu complex, the formed
chelator−Cu complex may form an active artificial enzyme
center and show SOD activity.
The SOD activity of the chelator−Cu complex was

quantified using a modified NBT assay system.35 Superoxide
anion generation by the system was detected using spectros-
copy by following reduction of nitro blue tetrazelium (NBT) to
blue formazane (MF+) at 560 nm. To determine the activity of
the enzyme mimics, we measured the IC50 values of the
reactions, a generally used indicator for comparing the activity
of enzyme and enzyme mimics. The results indicated that all
copper complexes had SOD activity as expected while their
corresponding ligands showed little SOD activity (Figure S9A
in Supporting Information). IC50 values of the prepared
complexes were 1.31, 1.06, and 0.19 μM, respectively (Figure
8), and 6 was the most potent SOD mimic where the presence
of aromatic rings in the vicinity of metal center led to the
enhanced SOD activity. The results also indicated that copper
atom was essential for SOD activity and incorporation of
copper into the structure of antioxidant could tremendously
increase the mimic SOD activity. Besides, we adopted SOD
enzyme as reference to compare with these complexes (Figure

Figure 6. Schematic representation of the possible modes of
multifunctional effects of our chelators in the process of Aβ
aggregation. Aβ exists in equilibrium between monomers, oligomers,
and amyloid fibrils, while Cu2+ binds to Aβ monomer and prevents
amyloidogenesis by inducing the formation of nonfibrillar aggregates.
Our chelators 1−3 can disassembly Cu2+ induced Aβ aggregates
through sequestration of Cu2+ from Aβ and the formed multivalent
complexes have strong inhibition and dissolution ability in Aβ
fibrillization.

Figure 7. Production of H2O2 from reactions of Aβ, Cu2+, and
compound upon addition of ascorbate, as determined by a HRP/
luminol assay. Control: Aβ + Cu2+. [Aβ] = 10 μM, [Cu2+] = 20 μM,
[chelator] = 40 μM, [ascorbate] = 50 μM, [luminol] = 10 μM, [HRP]
= 3 U/mL.

Figure 8. Percentage inhibition of NBT oxidation by superoxide
radicals generated in riboflavin−NBT−light system in vitro assessed by
NBT+ absorption at 560 nm with CQ−Cu2+, 4, 5, or 6 ([ligand]:[
Cu2+] = 2:1).
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S9B in Supporting Information). The amounts of the
complexes equivalent to 1U of enzyme activity were 9, 7.5,
and 0.2 μM, respectively. Therefore, the prepared complexes of
low molecular weight and simple structures could be SOD
mimics as proposed.
Intracellular Determination of ROS. There is abundant

evidence of peroxidative attack in AD brain,28 which may
originate from Aβ−Cu electrochemistry.36 Exposure of the cells
to 5 μM Aβ−Cu caused 194% increase in content of ROS
relative to Aβ−Cu-untreated control cells (Figure 9). Pretreat-

ment of the cells with compounds 1−3 at concentrations of 10
μM diminished the levels of ROS by 25%, 27%, and 41%,
respectively, compared to the cells exposed only to Aβ−Cu.
The intracellular level of ROS did not vary among the cells
treated solely with Aβ (5 μM). On the basis of these data, the
formed Cu complex could be a free-radical scavenger.
Radical scavengers and metal chelators have been scrutinized

in clinical studies of AD and positive results have been gained
in the past few years which have the ability to attenuate the
broad spectrum of oxidative stress associated neuropathology,
as well as APP translation, Aβ generation, and amyloid plaques
and NFT formation. It was proposed that if one compound
held radical-scavenging and metal−protein-attenuating proper-
ties simultaneously, it might be more potent than that with
single property, inspired by the preliminary successes of radical
scavengers and metal−protein-attenuating compound
(MPAC).37

Cell Viability Assay. The ability of compounds 1−3 to
inhibit Aβ assembly suggested that it might be useful in
blocking Aβ-mediated cellular toxicity. To address this
question, we used PC12 cells to perform MTT assays to
probe cellular metabolism.38 All assays were carried out in the
same manner, and the data were normalized using the results
from the cells not treated with Aβ−Cu2+ as a positive control.
Treatment of the cells with 5 μM Aβ−Cu2+ for 2 days reduced
cell viability to 58%. In the presence of compounds 1−3, the
survival of the cells increased to about 90% (Figure 10). The
survival rate was even higher than that of CQ (Figure 10). As
depicted in Figure S10 in Supporting Information, the
multifunctional compounds 1−3 themselves exhibited less
toxicity than the clinically available compound CQ. These
results showed that compounds 1−3 were not only effective as

in vitro Aβ inhibitors but also could decrease Aβ-mediated
cellular toxicity.

■ CONCLUSIONS
Alzheimer’s disease (AD) is a complex multifactorial syndrome
unlikely to arise from a single causal factor. Different number of
related biological alterations may contribute to AD patho-
genesis.39 None of the presently marketed drugs, although
valuable in improving cognitive, behavioral, and functional
impairments, can alter AD progression.40 Design of multifunc-
tional molecules may provide new insights into developing
more potent amyloid inhibitors. Here, we have shown that the
benzothiazole-containing compounds 1−3 can bind Cu2+ and
decrease Aβ-mediated cellular toxicity. More importantly, these
chelators can change copper from risk factor into useful species.
Compounds 1−3 can bind Cu2+ and assemble into metal
complexes, which are not only able to inhibit Aβ self-
aggregation but also to dissolve the formed fibrils due to
multivalent effect. In addition, the formed metal complexes
have significant SOD activity and therefore can act as a free-
radical scavenger. Our results strongly support the designed
mechanism of action that the compounds can compete
effectively for copper with the metal binding sites on Aβ
peptide, inhibit Aβ self-assembly, and function as antioxidants
and reduce Aβ cellular toxicity. This may open an avenue for
exploration of more potent amyloid inhibitors.

■ EXPERIMENTAL SECTION
Materials. All of the solvents were reagent grade and used without

further purification unless otherwise specified. The commercial
compounds CuCl2·2H2O, salicylaldehyde, 5-chlorosalicylaldehyde, 5-
nitrosalicylaldehyde, 2-aminobenzothiazole, clioquinol, and thioflavin
T were purchased from Sigma-Aldrich. 1,1,1,3,3,3-Hexafluoro-2-
propanol (HFIP) and 4,4′-methylenedianiline were obtained from
Acros organics. Milli-Q water was used to prepare all of the buffer
solutions.

(E)-2-((Benzo[d]thiazol-2-ylimino)methyl)phenol (1). 1 was
prepared by Schiff base condensation of salicylaldehyde (5 mmol) with
2-aminobenzothiazole (5 mmol) in ethanol (40 mL), at reflux for 8 h.
After cooling, the Schiff base precipitated from the reaction mixture as
a pure yellow powder, washed with ethanol three times, and then dried
in vacuum (purity >95%). 1H NMR (400 MHz, CDCl3, 25 °C): δ =
12.23 (H, s), 9.28 (H, s), 7.99−7.97 (H, d), 7.86−7.84 (H, d), 7.53−
7.46 (3H, m), 7.41−7.39 (H, t), 7.08−7.05 (H, d), 7.02−7.00 (H, t).
MALDI-TOF-MS (CHCl3): m/z 255.1, [M + H]+. Elemental Anal.,
Calcd %: C, 66.12; H, 3.96; N, 11.02. Found %: C, 65.96; H, 3.92; N,
10.69.

Figure 9. Cells were treated with aged Aβ40−Cu2+ at the
concentration of 5 μM in the absence or presence of ligands (10
μM), and 12 h later ROS generation inside the cells was measured
using DCF fluorescence. Samples (from left to right) are: control, Aβ−
Cu(II), Aβ−Cu(II) + 1, Aβ−Cu(II) + 2, Aβ−Cu(II) + 3. Data
represents mean ± SEM of at least three different experiments.

Figure 10. Protection effects of ligands on Aβ40−Cu2+-induced
cytotoxicity of PC 12 cells. Cell viability was determined using MTT
method and data points shown are the mean values ± SEM from three
independent experiments.
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(E)-2-((Benzo[d]thiazol-2-ylimino)methyl)-4-chlorophenol
(2). 2 was prepared by Schiff base condensation of 5-chlorosalicy-
laldehyde (5 mmol) with 2-aminobenzothiazole (5 mmol) in ethanol
(40 mL) at reflux for 8 h. After cooling, the Schiff base precipitated
from the reaction mixture as a pure yellow powder, washed with
ethanol three times, and then dried in vacuum (purity >95%). 1H
NMR (400 MHz, CDCl3, 25 °C): δ = 12.21 (H, s), 9.22 (H, s), 8.00−
7.98 (H, d), 7.87−7.85 (H, d), 7.53−7.48 (2H, m), 7.42−7.38 (2H,
m), 7.03−7.01 (H, d). MALDI-TOF-MS (CHCl3): m/z 289.0, [M +
H]+. Elemental Anal., Calcd %: C, 58.23; H, 3.14; N, 9.70. Found %:
C, 58.47; H, 3.41, N, 9.64.
(E)-2-((Benzo[d]thiazol-2-ylimino)methyl)-4-nitrophenol (3).

3 was prepared by Schiff base condensation of 5-nitrosalicylaldehyde
(5 mmol) with 2-aminobenzothiazole (5 mmol) in ethanol (40 mL),
at reflux for 8 h. After cooling, the Schiff base precipitated from the
reaction mixture as a pure yellow powder, washed with ethanol three
times, and then dried in vacuum (purity >95%). 1H NMR (400 MHz,
CDCl3, 25 °C): δ = 13.10 (H, s), 9.40 (H, s), 8.53−8.52 (H, d), 8.37−
8.34 (H, d), 8.04−8.01 (H, d), 7.91−7.89 (H, d), 7.57−7.53 (H, t),
7.46−7.42 (H, t), 7.19−7.16 (H, d). MALDI-TOF-MS (CHCl3): m/z
300.0, [M + H]+. Elemental Anal., Calcd %: C, 56.18; H, 3.03; N,
14.04. Found %: C, 55.93; H, 2.99, N, 13.96.
(E)-2-((Benzo[d]thiazol-2-ylimino)methyl)phenol−CuCl2 (4).

CuCl2·2H2O (0.017 g, 0.1 mmol) in ethanol (1 mL) was added to
1 (0.2 mmol) in hot ethanol (25 mL). The resultant mixture was
stirred at 60 °C for ∼1 h, and the resultant solution was left to stand at
−20 °C for ∼12 h. The solid formed was collected by filtration,
washed with ethanol, and dried in vacuum (purity >95%). Elemental
Anal., Calcd %: C, 58.99; H, 3.18; N, 9.83. Found %: C, 58.74; H,
3.22; N, 9.67. ICP-MS, Calcd %: Cu, 11.15; S, 11.25. Found %: Cu,
11.18; S, 11.39.
(E)-2-((Benzo[d]thiazol-2-ylimino)methyl)-4-chlorophenol−

CuCl2 (5). CuCl2·2H2O (0.017 g, 0.1 mmol) in ethanol (1 mL) was
added to 2 (0.2 mmol) in hot ethanol (25 mL). The resultant mixture
was stirred at 60 °C for ∼1 h, and the resultant solution was left to
stand at −20 °C for ∼12 h. The solid formed was collected by
filtration, washed with ethanol, and dried in vacuum (purity >95%).
Elemental Anal., Calcd %: C, 52.63; H, 2.52; N, 8.77. Found %: C,
52.94; H,2.54; N, 8.61. ICP-MS, Calcd %: Cu, 9.94; S, 10.04. Found
%: Cu, 9.66; S, 10.08.
(E)-2-((Benzo[d]thiazol-2-ylimino)methyl)-4-nitrophenol−

CuCl2 (6). CuCl2·2H2O (0.017 g, 0.1 mmol) in ethanol (1 mL) was
added to 3 (0.2 mmol) in hot ethanol (25 mL). The resultant mixture
was stirred at 60 °C for ∼1 h, and the resultant solution was left to
stand at −20 °C for ∼12 h. The solid formed was collected by
filtration, washed with ethanol, and dried in vacuum (purity >95%).
Elemental Anal., Calcd %: C, 50.94; H, 2.44; N, 12.73. Found %: C,
50.82; H, 2.34; N, 12.51. ICP-MS, Calcd %: Cu, 9.63; S, 9.71. Found
%: Cu, 9.41; S, 9.87.
Cu2+ Binding Stoichiometry and Binding Affinity. Cu2+

binding stoichiometry and binding affinity were determined by UV−
vis. Because the compounds are slightly soluble in water, 10 mM stock
solutions were prepared in DMSO. In each titration, the solvent
composition in the vessel was 50% (v/v) DMSO/buffer (10 mM
HEPES, 150 mM NaCl, pH 6.6). For each compound, the binding
constant was determined by titration of a 0.050 mM solution of the
compound with microadditions of 1 mM CuCl2 standard solution.
Spectra were recorded after 5 min incubation at room temperature.
Data were fitted to the theoretical equations by using the nonlinear
least-squares fitting procedure implemented with the Origin 7.5
program.
Metal Ion Selectivity Studies. The interaction of compounds 1−

3 with other metal ions was determined using UV−vis. To investigate
the metal binding ability of compounds 1−3, solutions of the ligands
(50 or 100 μM in 50% (v/v) DMSO/buffer (10 mM HEPES, 150 mM
NaCl, pH 6.6)) were prepared and treated with 0.5 equiv of MgCl2,
CaCl2, AlCl3, FeCl3, CoCl2, NiCl2, or ZnCl2. Spectra were recorded
after 5 min incubation at room temperature. The metal ion selectivity
of compounds 1−3 for Cu2+ over other metal ions was determined by
UV−vis. To solutions of compounds 1−3 (50 or 100 μM in 50% (v/

v) DMSO/buffer (10 mM HEPES, 150 mM NaCl, pH 6.6)), 25 or 50
μM of metal salt (MgCl2, CaCl2, AlCl3, FeCl3, CoCl2, NiCl2, or ZnCl2)
was added. The solution was incubated at room temperature for 5 min,
the spectrum was recorded, and then 25 or 50 μM CuCl2 was added.
The resulting solution was mixed well, and the spectrum was recorded
after additional 5 min incubation at room temperature. Selectivity was
quantified by comparing and normalizing the absorbance values of the
metal−ligand complex at λ = 460 nm to the absorbance of the solution
at this wavelength after the addition of CuCl2.

Aβ Sample Preparation. Aβ1−40 (lot no. U10012) was
purchased from American Peptide and prepared as previously
described.38 Briefly, the powered Aβ peptide was first dissolved in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at the concentration of 1
mg/mL. The solution was shaken at 4 °C for 2 h in a sealed vial for
further dissolution and was then stored at −20 °C as a stock solution.
Before use, the solvent HFIP was removed by evaporation under a
gentle stream of nitrogen and peptide was dissolved in water. Cu2+

induced aggregation of Aβ 1−40 was accomplished by mixing an
aliquot of the peptides and CuCl2 at a molar ratio of 1:1 into 10 mM
HEPES (150 mM NaCl, pH 6.6) at 37 °C for 24 h. Aβ1−40 self-
aggregation was accomplished by mixing an aliquot of the peptides
from the stock solution into aggregation buffer (10 mM HEPES in 150
mM NaCl, pH 7.3) at 37 °C for 7 days. Due to the poor solubility of
compounds 1−3 in water or media, the final amount of DMSO used in
all biological experiment is 2% (v/v).

Light Scattering Measurements. Aβ aggregation were moni-
tored in a Jasco-FP6500 spectrofluorometer by following the increase
in light scattering using a 1.0 cm quartz cuvette lightening the samples
at 320 nm and collecting scattered light at 90° angles at 320 nm. Light
scattering by the buffer was used as baseline.

ThT Fluorescence Measurements. All of the measurements
were recorded in a fluorescence spectrophotometer (JASCO FP-6500)
at room temperature with excitation wavelength 444 nm. Fluorescence
data at 480 nm were collected after 5 min to ensure that thermal
equilibrium had been achieved. ThT was kept in excess at a final
concentration of 10 μM.

Atomic Force Microscopy Study. For the atomic force
microscopy (AFM) measurements, samples were diluted with
deionized H2O to yield a final concentration of 1 μM. Then the
sample (20 μL) was applied onto freshly cleaved muscovite mica and
allowed to dry. Data were acquired in the tapping mode on a
Nanoscope V multimode atomic force microscope (Veeco Instru-
ments, USA).

Light-Emission Measurements. Light emission was performed
by using a photon-counting spectrometer (ultra-weak luminescence
analyzer, BPCL-2-TGC) equipped with a cooled photomultiplier
detection system, connected to a computer. Before the samples
analyses, the background light was recorded and integrated. This
background was subtracted from the recorded integrated spectra of the
respective samples. Sample analyses were performed by adding the
sample solution (10 μL) to luminol (10 μM) and HRP (3 U/mL) in
buffer solution (150 μL; 150 mM Tris; pH 8.8) in a cuvette.

SOD Activity Determination. The SOD activity of the complexes
was assayed by measuring inhibition of the photoreduction of nitro
blue tetrazolium (NBT), by a method slightly modified from that
originally described by Beauchamps and Fridovich. The solutions
containing riboflavin (2 × 10−5 M), methionine (0.013 M), NBT (7.5
× 10−5 M), and complex of various concentrations were prepared with
50 mM phosphate buffer (pH 7.8). The mixtures were illuminated by a
lamp with a constant light intensity for 10 min at 25 °C. After
illumination, immediately the absorbance was measured at 560 nm.
The entire reaction assembly was enclosed in a box lined with
aluminum foil. Identical tubes with the reaction mixture were kept in
the dark and served as blanks. Inhibition percentage was calculated
according to the following formula: % inhibition = [(A0 − A)/A0] ×
100, where A0 is the absorbance of the control and A is the absorbance
of the samples. The IC50 value, which obtained from linear regression
plots between percent SOD activities versus their concentrations,
represents the concentration of the SOD mimic that induces a 50%
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inhibition of the reduction of NBT. The SOD activities of test
compounds were assayed in triplicate.
Intracellular Determination of ROS. The generation of reactive

oxygen radicals was monitored using 2′,7′-dichlorofluorescein diacetate
(DCFH-DA). This dye is a nonfluorescent compound which readily
diffuses into the cells and reacts with intracellular free radicals. The
product is dichlorofluorescein (DCF), which is a fluorophor. The DCF
fluorescence intensity correlates with the amount of intracellular
reactive oxygen radicals. To do the test, the DCFH-DA solution (20
μM) was added to the cells and the mixture was incubated at 37 °C for
1 h. The cells were then washed twice with PBS and, finally, the
fluorescence intensity was monitored on a fluorescence spectrofluor-
ometer (JASCO FP-6500) with excitation and emission wavelengths
of 485 and 530 nm, respectively.
Cell Toxicity Assays. PC12 cells (rat pheochromocytoma,

American Type Culture Collection) were cultured in IMDM (Gibco
BRL) medium supplemented with 5% FBS, 10% horse serum in a 5%
CO2 humidified environment at 37 °C. For the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma-Al-
drich) assay, cells were plated at a density of 10000 cells per well
on 96-well plates, followed by introduction of Aβ (5 μM), CuCl2 (5
μM), and a chelator (10 or 50 μM) 24 h later. After 48 h, the cells
were treated with 10 μL MTT (5 mg/mL in PBS) for 4 h at 37 °C and
then were lysed in DMSO for 10 min at room temperature in the dark.
Absorbance values of formazan were determined at 570 nm with an
automatic plate reader.
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