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ABSTRACT: Oxidative stress from the increase of reactive oxygen
species in cells is a common part of the normal aging process and is
accelerated in patients with Alzheimer’s disease (AD). Herein, we
report the evaluation of three benzothiazole amphiphiles (BAMs)
that exhibit improved biocompatibility without loss of biological
activity against amyloid-β induced cell damage compared to a
previously reported hexa(ethylene glycol) derivative of benzothiazole
aniline (BTA-EG6). The reduced toxicity of these BAM agents
compared to BTA-EG6 corresponded with their reduced propensity
to induce membrane lysis. In addition, all of the new BAMs were
capable of protecting differentiated SH-SY5Y neuroblastoma cells
from toxicity and concomitant oxidative stress induced by AD-related
aggregated Aβ (1−42) peptides. Binding and microscopy studies
support that these BAM agents target Aβ and inhibit the interactions of catalase with Aβ in cells, which, in turn, can account for
an observed inhibition of Aβ-induced increases in hydrogen peroxide in cells treated with these compounds. These results
support that this family of benzothiazole amphiphiles may have therapeutic potential for treating cellular damage associated with
AD and other Aβ-related neurologic diseases.

KEYWORDS: Alzheimer’s disease (AD), Aβ, oxidative stress, catalase, benzothiazoles

Oxidative damage due to an imbalance of production and
degradation of reactive oxygen species (ROS) in neurons

is a normal part of the aging process1 and is accelerated in
Alzheimer’s disease (AD).2−4 In particular, elevated levels of
ROS are found associated with regions of high accumulation of
amyloid-β (Aβ) in the brains of patients with AD.5 The brain is
highly susceptible to oxidative stresses due to slow regener-
ation, high oxygen consumption, and low levels of antiox-
idants,6,7 making it important to develop methods to combat
oxidative stress in AD.
Recent evidence supports a detrimental interaction between

aggregated forms of Aβ and the antioxidant enzyme catalase.8

Catalase plays an important role in maintaining normal levels of
ROS by catalyzing the degradation of hydrogen peroxide
(H2O2).

1 The interaction between Aβ and catalase causes
deactivation of catalase and subsequently an increase in cellular
levels of H2O2.

8,9 Compounds that can inhibit Aβ-catalase
interactions in cells may, therefore, represent a new therapeutic
strategy for treatment of AD.
We previously reported the design, synthesis, and evaluation

of two oligo(ethylene glycol) derivatives of benzothiazole
aniline (BTA), BTA-EG6 and BTA-EG4, which exhibited a
variety of advantageous properties for the potential treatment
of neurodegenerative diseases such as AD.8,10 These properties
include the capability to 1) bind to aggregated forms of several

different amyloidogenic proteins or peptides in the nanomolar
range,11 2) cross the Blood Brain Barrier (BBB),12 3) protect
cells from toxicity and oxidative stress induced by aggregated
Aβ peptides,8 4) decrease Aβ levels in vivo,12 and 5) improve
memory and learning in a mouse model for AD.10,12 The in vivo
properties of these BTA-EGx compounds suggest that they may
be capable of slowing down cognitive decline associated with
AD. While the therapeutic potential of this class of compounds
is attractive, these BTA-EGx compounds exhibited some
toxicity in neuroblastoma cells at concentrations below 100
μM, which we showed correlated with their capability to form
pores in membranes and induce membrane lysis.13

In order to improve the biocompatibility of this class of
compounds, we synthesized and evaluated the toxicity and
membrane pore-forming capability of three benzothiazole
amphiphiles (BAMs), with structures that differed from BTA-
EG6 through alterations made to the hydrophobic core. Here
we show that these new BAM agents exhibited a reduced
propensity to induce ion channel-like transmembrane current
fluctuations in planar lipid bilayers, a reduction in membrane
lysis activity, and overall lower toxicity to differentiated
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neuroblastoma cells. In addition, all new BAM derivatives
retained their capability to protect cells against Aβ-induced
toxicity and oxidative stress. Finally, these BAMs were found to
decrease colocalization and binding of catalase to aggregated
Aβ peptides in cells. Thus, the cytoprotective effects of these
compounds support a previously proposed mechanism of
formation of protein-resistive coatings on aggregated Aβ
peptides, leading to inhibition of catalase-amyloid interactions
that would otherwise promote cellular increases in H2O2. These
BAM compounds, thus, represent a new family of potential
anti-Aβ therapeutics that may have utility as part of a combined
therapeutic regiment for AD.
In order to further develop benzothiazole amphiphiles as

potential therapeutics for AD, we considered whether small
variations in the structure of the BTA-EGx compounds could
increase their therapeutic window.14 Toward this end, we
previously reported that BTA-EG4 could form cation-selective
pores in planar lipid bilayers.13 The concentration required to
observe ion channel-forming activity in membranes was roughly
the same as the concentration required to observe cytotoxicity

of the compounds in human SH-SY5Y neuroblastoma cells
(IC50 ∼ 60 μM), suggesting ion pore-mediated lysis of cells as a
potentially significant factor for the observed toxicity15 of the
BTA-EGx compounds at micromolar concentrations.

13 Hence,
we hypothesized that altering the hydrophobic core of these
molecules would decrease their energetic driving force to
partition into membranes, thereby reducing their ion channel
forming capabilities and concomitant toxicity.
To test this hypothesis, we used BTA-EG6 as the lead

compound for the rational design of three Benzothiazole
Amphiphile16 (BAM) derivatives (Figure 1a, see Scheme 1 in
the SI for details of the syntheses). Here, we presume the
benzothiazole core is required to impart efficient binding to
aggregated Aβ peptides. We, therefore, examined the effects on
membrane activity of the following three changes to the
periphery of the benzothiazole core of BTA-EG6: 1) removal of
the 6-methly group (as in BAM1-EG6), 2) addition of a methyl
group to the aniline nitrogen (as in BAM2-EG6), and 3)
replacement of the aniline nitrogen with a sulfur group (as in
BAM3-EG6).

Figure 1. Evaluation of the lytic and toxic properties of BAMs 1−3 and BTA-EG6. (A) Chemical structures of BTA-EG6 and BAMs 1−3. (B)
Representative current versus time trace from single ion channel recordings of BTA-EG6 in a planar lipid bilayer composed of DiPhyPC lipids. (C)
Summary of ion channel data for BTA-EG6 and BAMs 1−3. Minimum concentration for pore formation is defined as the concentration where
transmembrane fluctuations were observed at a frequency above 0.05 per minute. (D) Toxicity data for BTA-EG6 and BAMs 1−3 in differentiated
SH-SY5Y neuroblastoma cells.
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Since we previously found that toxicity corresponded with
the ion-channel forming properties of BTA-EG4,

13 we first
examined the ion channel-forming properties of compounds 1−
3 compared to BTA-EG6 in bilayer lipid membranes (BLMs).
Similar to previous studies, we observed ion channel-like events
in these cell free bilayer experiments at mid to high micromolar
concentrations of the compounds (Figure 1b, also see Figures
S1−S3 in the SI). Importantly, while BTA-EG6 was capable of
forming ion-channel-like pores at concentrations as low as 10
μM, BAMs 1−3 required 2 to 10-fold higher concentrations to
induce transmembrane ion fluctuations (Figure 1c).
We also examined compounds 1−3 for their capability to

induce membrane lysis (i.e., rupture of membranes) in the
planar lipid bilayers. In these studies, all BAMs were found to
require a higher concentration to lyse the membrane compared
to BTA-EG6, with BAM 1 requiring a 3-fold higher
concentration to lyse the membrane and no observed
membrane lysis induced by BAM 3 at any of the concentrations
tested (i.e., up to 150 μM) (Figure 1c).
In order to evaluate if the structural modifications to BTA-

EG6 correlated with a decrease in toxicity, an MTT cell
proliferation assay was performed to compare the toxicity of
BAM 1−3 to the parent compound. In this assay, BTA-EG6
exhibited moderate toxicity to differentiated SH-SY5Y neuro-
blastoma cells with an IC50 of 69 μM (Figure 1d, see SI Figure
S4 for cell viability versus concentration curves used to estimate
IC50 values). Figure 1d shows that all BAMs 1−3 were
significantly less toxic than BTA-EG6, with IC50’s ranging from
110 to 140 μM. Importantly, the reduced toxicity of these
compounds corresponded with the increased concentrations
required to lyse membranes. The data in Figure 1 shows that
removal of the 6-methyl group was sufficient to reduce both
toxicity and membrane lysis activity. Reintroduction of a methyl
group to the aniline nitrogen as in BAM2-EG6 restored cell
toxicity and membrane lytic properties. However, replacement
of the aniline nitrogen with a sulfur atom in BTA-EG6 (as in
BAM3-EG6) led to the least toxic compound in this series, with
no membrane lysis observed at concentrations up to 150 μM.
These results support a correlation between membrane lysis,
pore-forming capabilities, and toxicity of the BAM agents and
demonstrate that the small structural changes made to the
parent BTA-EG6 structure can lead to compounds with
measurably improved biocompatibility.
In order to evaluate whether 1−3 could bind to aggregated

Aβ peptides with similar affinity as BTA-EG6, we used a
preparation of Aβ (1−42) that mimicked the heterogeneous
population of aggregated Aβ species present in the brains of AD
patients. This preparation contained ∼12% small Aβ oligomers
(MW < 15 kDa corresponding to monomers-trimers), ∼16%
medium-sized oligomers (MW 20−65 kDa corresponding to
5−15 mers), and ∼72% soluble protofibrils (MW > 150 kDa
corresponding to >30 mers) (see SI Figure S5). We then used a
previously reported fluorescence-based binding assay to
estimate Kd values for the association of the BAMs to this
preparation of aggregated Aβ (1−42) peptides.17 All com-
pounds were found to bind Aβ in the mid nanomolar range
(Figure 2a, see also SI Figure S6). These binding affinities were
comparable to previously reported Kd values for the binding of
BTA-EGx to aggregated Aβ (1−42).17,18
Since BTA-EGx compounds were previously shown to

reduce the toxicity of Aβ (1−42) in cells through the formation
of protein-resistive coatings on Aβ aggregates,8,19 we next
examined whether BAMs 1−3 also exhibited such cytopro-

tective properties. Exposure of differentiated SH-SY5Y cells to
25 μM concentrations of aggregated Aβ (1−42) peptides
resulted in a 35% decrease in cell viability (Figure 2a), as
determined by an MTT cell proliferation assay. As expected,
BAMs 1−3 were capable of reducing the toxicity of Aβ, leading
to a dose-dependent trend of increasing cell viability to ∼80%
at concentrations of 20 μM of compounds in the presence of 25
μM Aβ (Figure 2b).
In order to evaluate the BAMs for their ability to inhibit Aβ-

induced oxidative stress, we analyzed the cellular H2O2 levels in
the presence of aggregated Aβ with or without the presence of
compounds 1−3. Differentiated SH-SY5Y cells were first
incubated in the presence of 25 μM aggregated Aβ. After 24
h, we observed a 4-fold increase in cellular H2O2 levels
compared to untreated cells (Figure 3). As a positive control,
addition of 3-AT, a known catalase inhibitor,8 to cells also
showed about a 4-fold increase in H2O2 levels over the control
cells (Figure 3). When cells were treated with aggregated Aβ in
the presence of various concentrations (0−40 μM) of BTA-
EG6 or BAMs 1−3, a dose dependent reduction in H2O2 levels
was observed for all compounds. Furthermore, the levels of
cellular H2O2 when cells were incubated with 25 μM Aβ in the
presence of 40 μM concentrations of any of the compounds
tested were statistically indistinguishable from control cells
(Figure 3). Interestingly, BAM 3 caused a significantly
improved reduction of Aβ-induced increase in cellular H2O2,
with statistically significant activity observed at concentrations
as low as 1 μM. We hypothesized that this inhibition of Aβ-
induced increases in cellular H2O2 levels was due to the
capability of the BAM agents to inhibit catalase-Aβ interactions.
In order to rule out the possibility that the BAM agents
exhibited inherent antioxidant properties that were independ-
ent from their capability to bind to aggregated Aβ, we

Figure 2. Binding of BAM agents to aggregated Aβ and evaluation of
cytoprotective properties in SH-SY5Y cells. (A) Dissociation constant
Kd of compounds to aggregated Aβ peptides. (B) Cytoprotective
effects of BTA-EG6 and BAMs 1−3 against aggregated Aβ toxicity (25
μM) in differentiated SH-SY5Y neuroblastoma cells. UT = untreated
cells. Data expressed as mean values ± SD, n = 3 or more for each
concentration. *P < 0.05 or **P < 0.01 compared to cells incubated
with 25 μM Aβ alone (i.e., in the absence of small molecules).
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incubated BAMs 1−3 over 24 h (i.e., the same time course as
cellular oxidative stress assay) in the presence of 3 mM H2O2

and monitored these reactions for any products from oxidation
by mass spectrometry (see the SI for details). We did not
observe any oxidation products for any of the BAM agents
under these conditions, supporting that the observed decrease
in cellular H2O2 levels by compounds 1−3 in the presence of
Aβ was likely due to their capability to target aggregated Aβ.
BTA-EG6 was previously shown to inhibit catalase-Aβ

interactions both in cells and in cell-free assays.8 In order to
confirm that the BAM agents could also inhibit catalase-Aβ
interactions, we dosed cells with Aβ with or without the
presence of compounds 1−3 and examined the extent of
intracellular colocalization of Aβ and catalase compared to cells
that were treated with Aβ alone (Figure 4, also see SI Figure S7
for images of control cells and Figure S8 for 2D histograms of
colocalization of Aβ and catalase). This colocalization was
determined by fixing the cells after incubation with Aβ and
compounds, fluorescent immunolabeling of Aβ and catalase,
and quantifying colocalization using the Pearson’s correlation
coefficient (PCC)20 within the entire three-dimensional volume
of the cells. When cells were treated with Aβ, the PCC for
colocalization of Aβ and catalase was found to be 0.57,
indicating a substantial degree of colocalization. However, when
treated with BTA-EG6 or BAMs 1−3, the PCC for Aβ and
catalase reduced to 0.19−0.09 (Figure 4). These results suggest
that the tested BAM compounds were indeed capable of
reducing the interaction of Aβ with catalase, with both BAM 1
and BAM 3 showing the highest reduction in colocalization of
catalase and Aβ among the compounds tested. Additionally,
while these results do not rule out any effects the BAM
compounds may have on cellular uptake of Aβ, we have
previously shown that BTA-EG4 and BTA-EG6 did not cause
any statistically significant changes in the uptake of aggregated
Aβ peptides in cells.8 We, therefore, presume that the BAM
agents reduce Aβ-induced increases in H2O2 primarily through

inhibiting intracellular catalase-Aβ interactions and do not
significantly affect cellular uptake of Aβ.
To further confirm that BAMs 1−3 were able to inhibit

catalase-Aβ interactions, we used a previously described
semiquantitative ELISA-based assay19 to evaluate the relative
interaction of human catalase with aggregated Aβ in the
presence of BAMs 1−3 or BTA-EG6. In this assay, aggregated
Aβ was deposited into wells of a 96-well plate and then
incubated with catalase in the presence of increasing
concentrations of compound. Results from this assay then
reveal the concentrations of small molecules required to
observe inhibition of catalase binding to aggregated Aβ as well

Figure 3. Reduction of the Aβ-induced increase of H2O2 release by BTA-EG6 or BAMs 1−3 in SH-SY5Y cells. Cells treated with Aβ (25 μM) or
3AT, a catalase inhibitor show an ∼4-fold increase in H2O2 compared to untreated cells. Cells that were treated with aggregated Aβ (25 μM) that
was preincubated with 1−40 μM concentrations of BTA-EG6 or BAMs 1−3 show a dose-dependent decrease in H2O2 release. Cells treated with
compounds alone showed no statistical change in H2O2 release relative to untreated cells. (*P < 0.05 or **P < 0.01 compared to cells treated with 25
μM Aβ alone). Data expressed as mean values ± SD, n ≥ 3 for each concentration.

Figure 4. Colocalization of aggregated Aβ (1−42) with catalase in SH-
SY5Y cells. Fluorescence micrographs of representative z-slices within
a cell illustrate the reduced colocalization of catalase (red) and Aβ
peptides (green) in the presence of 40 μM concentrations of the BTA-
EG6 or BAMs 1−3. The nuclei of imaged cells are depicted in blue,
and merged images are shown on the right. Scale bar = 20 μm.
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as the maximal extent of the inhibition of binding. We found
that all compounds effectively decrease the interaction of
catalase and Aβ at similar concentrations and to a similar extent
(Figure 5). These results further support that BAMs 1−3 are
capable of forming protein-resistive coatings on aggregated Aβ.

In conclusion, we introduce three benzothiazole amphiphiles
that exhibited improved biocompatibility in SH-SY5Y cells
compared to BTA-EG6. The decreased toxicity of these BAM
compounds corresponded with their decreased capability to
form ion pores in lipid bilayers and to lyse membranes.
Importantly, these BAM compounds were able to 1) bind to
aggregated Aβ, 2) decrease the toxicity of Aβ in differentiated
neuroblastoma cells, 3) decrease Aβ-induced increases in
cellular H2O2 levels, 4) reduce the colocalization of Aβ and
catalase in cells, and 5) inhibit the interaction of catalase and
aggregated Aβ in solution. These results are consistent with the
capability of these benzothiazoles to form protein-resistive
coatings on aggregated Aβ and to diminish deleterious
interactions between catalase and Aβ in cells. The capability
of the BAM agents to neutralize Aβ activity makes it possible
for catalase to maintain normal cellular levels of H2O2 in an Aβ-
rich environment, leading to reduced toxicity of Aβ to cells.
While the experiments described here focus on the effects of
the BAM agents on the interaction of aggregated Aβ with
catalase, Aβ has been shown to interact with a variety of other
cellular proteins.19,21,22 We have shown previously that
molecules such as BTA-EG6 are capable of inhibiting several
proteins from interacting with aggregates comprised of multiple
amyloidogenic peptides,17,19 suggesting that the new BAM
agents may be capable of simultaneously inhibiting a variety of
protein-amyloid interactions that can cause damage to cells.
These new BAM agents, thus, represent an exciting new family
of compounds that have potential therapeutic value for treating
AD and possibly other amyloid-related diseases. In particular,
the new compound BAM3-EG6 (3) exhibited the greatest
biocompatibility and anti-Aβ activity of the compounds tested,

and can serve as a lead candidate for further development of
inhibitors of Aβ-protein interactions as potential therapeutics
for AD.

■ METHODS
Materials. Synthetic Aβ(1−42) peptide was purchased from

PL Lab (Port Moody, Canada). SH-SY5Y human neuro-
blastoma cells (Product No: CRL-2266) and 3-(4,5-dimethylth-
iazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) cell
proliferation assay (Product No: 30−1010K) were purchased
from American Type Culture Collection (ATCC) (Manassas,
VA). The Amplex red hydrogen peroxide kit (# A22188) was
from Molecular Probes of Invitrogen Co. and 3-amino-1,2,4-
triazole (3AT) (# A8056) was from Sigma-Aldrich. All other
chemical reagents were purchased from either Sigma- Aldrich
or Fisher and used as is unless otherwise stated.

Planar Lipid Bilayer Studies. The procedure for PLB
recordings was performed as previously described.13 Briefly,
planar lipid bilayers were prepared from a solution of 20 mg/
mL 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine (Di-
PhyPC) in decane by the painting method. Both compartments
of the recording chamber were filled with an electrolyte
solution containing 1 M CsCl and 10 mM HEPES buffer (pH =
7.4). Currents were recorded with a filter cutoff frequency of 5
kHz and a sampling frequency of 25 kHz using a Geneclamp-
500 amplifier (Axon instruments), and further filtered at 200
Hz using a Gaussian low-pass filter for analysis. For this
experiment, we defined the minimum concentration of pore
formation to be the concentration where the frequency of
observed channel events was greater than 0.05 per minute and
where we observed at least 1 event per 20 min recording.

MTT Cell Proliferation Assay. SH-SY5Y neuroblastoma
cells were differentiated as previously described.23 Briefly, cells
were plated at a density of 50,000 cells/well in 100 μL of 1:1
EMEM and Ham’s F12, supplemented with 10% FBS and
without phenol red. After adhering overnight, medium was
replaced with differentiating medium by addition of 10 μM all-
trans-retinoic acid (RA). Medium with RA was replaced every 2
days for 8 days total. After 8 days, the media was removed and
100 μL of new, RA-free medium containing various
concentrations of either BTA-EG6 or BAMs-EG6 with final
concentrations (0−500 μM). Cells were exposed to these
solutions for 24 h at 37 °C. MTT cell viability assay was then
used to determine cell viability. All results are presented as
percent reduction of MTT relative to untreated cells (100%
viability).

Cytoprotection of Differentiated SH-SY5Y Neuro-
blastoma Cells. Differentiated SH-SY5 cells were exposed
to solutions containing a final concentration of 25 μM Aβ and
various concentrations of the BTA-E6 and BAMs (0−20 μM),
dissolved in RA-free medium for 24 h at 37°C. The Supporting
Information describes the details of pretreatment of all Aβ
samples. Note: the concentration of aggregated Aβ reported
here refers to the Aβ concentration if all Aβ would be present
in monomeric, dissolved form. The MTT reagent (10 μL of the
solution from the commercial kit) was then added and the cells
were incubated for 3 additional hours. The cells were
subsequently solubilized with detergent reagent (100 μL of
the solution from the commercial kit) and incubated at room
temperature overnight. The cell viability was determined by
measuring the absorbance at 570 nm using a Spectramax 190
microplate reader (Molecular Devices). All results were
expressed as percent reduction of MTT relative to untreated

Figure 5. Inhibition of catalase-Aβ interactions by BTA-EG6 and
BAMs 1−3. The percentage of bound catalase to Aβ was decreased in
the presence of increasing concentrations of A) BTA-EG6, B) BAM1-
EG6, C) BAM2-EG6, and D) BAM3-EG6. 100% bound was defined as
the amount of catalase bound to Aβ in the vehicle controls (1% BSA/
PBS). Data expressed as mean values ± SD, n = 3 for each
concentration.
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controls (defined as 100% viability), and the average
absorbance value for each treatment was normalized to the
absorbance reading of wells containing only media, MTT
reagent, and detergent reagent.
Measurement of the Binding Affinity of BTA-EG6 and

BAMs to Aggregated Aβ (1−42) Peptides. Binding of
compounds to aggregated Aβ (1−42) was measured according
to a previously described assay.17 Briefly, 200 μL of various
concentrations of BTA/BAM compounds in PBS were
incubated in the absence or presence of 10 μg of preaggregated
Aβ (total volume 220 μL). Solutions were allowed to
equilibrate overnight at room temperature. Samples were
then centrifuged at 16,000g for 20 min at 4 °C. The
supernatants were removed, and the pellet was resuspended
in 220 μL of fresh PBS. Fluorescence of the bound molecule
was determined using a spectrofluorometer (Photon Technol-
ogy International, Inc., Birmingham, NJ). Each experiment was
repeated at least three times and error bars denote standard
deviation from the mean. Graphs shown in Figures S6 were fit
using the following one-site specific binding algorithm to
determine Kd: Y = Bmax × X/(Kd + X), where X is the
concentration of small molecule, Y is the specific binding
intensity, and Bmax is the apparent maximal observable
fluorescence upon binding to Aβ. Data was processed using
Origin 7.0 (MicroCal Software, Inc., Northampton, MA).
Assay for Hydrogen Peroxide Release from Differ-

entiated SH-SY5Y Neuroblastoma Cells. Cells were
differentiated as previously mentioned in DMEM without
phenol red and supplemented with 10% FBS, 4 mM L-
glutamine, and 10 μM RA for 8 days. Solutions of Aβ
aggregates with and without compounds in RA-free medium
were incubated with the cells for 24 h. Hydrogen peroxide
release was determined by adding 20 μL/well of a solution
containing 250 μM Amplex red reagent and 0.5 U/mL
Horseradish Peroxidase (HRP) dissolved in complete medium.
After 30 min, the absorbance at 560 nm was measured. For
controls, cells were incubated with 40 μM of each compound
alone; a positive control of 20 mM 3AT (a catalase inhibitor)
was also added in each experiment, with no observed effect of
compounds on 3AT-induced increases in H2O2 levels in cells
(data not shown). All experiments were done at least in
triplicate, and control wells of medium alone were used for
normalization of all samples.
Confocal Microscopy of the Cellular Colocalization of

Aβ and Catalase. SH-SY5Y cells were cultured on 35 mm
dishes (MatTek) and incubated overnight in a 1:1 mixture of
EMEM and Ham’s F12 supplemented with 10% FBS. The
growth medium was removed, and solutions containing
aggregated Aβ (5 μM) with or without compounds (40 μM)
were added in fresh medium. The cells were incubated for 12 h
(37 °C, 5% CO2). To visualize the colocalization of aggregated
Aβ with catalase, the cells were rinsed (3×, PBS), fixed with 4%
paraformaldehyde in PBS (pH 7.4), and permeabilized with
0.25%Triton-X in PBS. Cells were then blocked with 10% goat
serum/PBS (1 h, RT) and then incubated with primary
antibodies: mouse anti-Aβ (6E10, Covance) and rabbit anti-
catalase (Abcam) antibody on a shaker at 4 °C overnight. To
detect the primary antibodies, the following fluorescently
labeled secondary antibodies were used: TRITC-conjugated
goat antimouse (Jackson ImmunoReasearch) and an Alexa
Fluor 488-conjugated goat-anti rabbit (Jackson ImmunoRea-
search) and incubated in the dark (1 h, RT). Matteks were then
rinsed (3×, PBS with the last rinse containing NucBlue fixed

cell stain, Molecular Probes) and then mounted using Dako
fluorescent mounting medium (Product # S3023) and let dry
before imaging with a Olympus FV1000 spectral deconvolution
confocal system equipped with an Olympus IX81 inverted
microscope. The colocalization was visualized, and Pearson’s
correlation coefficient (PCC) of the entire three-dimensional
volume of the cell was determined using ImageJ. The images
shown in Figure 4 are fluorescence micrographs of
representative z-slices within cells.

Decrease in Catalase-Aβ Binding Using Small Mole-
cules. The inhibition of catalase-Aβ interactions by small
molecules was determined by a previously described protocol.19

Briefly, the wells of a 96-well plate were coated with a solution
of aggregated Aβ in PBS (2h, 1.3 μM). After removal of
solutions containing excess Aβ, all wells were blocked with 1%
BSA/PBS (1 h), washed with PBS, and then incubated for 2 h
with a human catalase solution (0.20 μM, in 1% BSA/PBS
buffer). After removal of solutions containing excess catalase,
solutions of various concentrations of small molecules in 1%
BSA/PBS buffer were incubated in the wells for 12 h. Wells
were then washed with 1% BSA/PBS and incubated for 1 h
with monoclonal mouse anti-catalase IgG (clone 1A1, 2.2 nM
in 1% BSA/PBS). Excess solution was removed; wells were
washed with PBS and then incubated for 45 min with an
alkaline phosphatase conjugated polyclonal secondary rabbit
IgG (antimouse IgG, 6.8 nM in 1% BSA/PBS). The relative
amount of secondary IgG bound was quantified by adding a
solution containing p-nitrophenyl phosphate (NPP, 2.7 mM, in
0.1 M diethanol amine/0.5 mM magnesium chloride, pH 9.8)
to each well. The enzymatic hydrolysis reaction of NPP by
alkaline phosphatase was stopped after 45 min by addition of
0.25 N sodium hydroxide. The concentration of p-nitro-
phenoxide was then quantified at A405 using a UV−vis
microplate reader (Molecular Devices). Each data point from
this assay represents the average of at least three independent
experiments. Error bars represent standard deviations. Graphs
were normalized, plotted, and fitted with the sigmoidal curve
fitting option in Prism 6.0 (GraphPad Software Inc.).
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