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Abstract These fibrils in turn aggregate into amyloid plaques,
which were for many years considered to be the toxic
pathological hallmark of AD; however, during the last
years, a growing number of reports suggest that the
most toxic agent of Af is nonfibrillar and oligomeric in
nature. The evolution of highly toxic amyloid-derived
diffusible ligands (6) and other aggregates (7—9), even in

Alzheimer’s disease (AD), an age-related neurodegene- the presence of biological lipids (/0), are increasing the
rative disorder, is the most common form of dementia, list of toxic species. Recently, it has been found that
and the seventh-leading cause of death in the United resveratrol, a polyphenolic from red wine, attenuates
States. Current treatments offer only symptomatic oligomeric cytotoxicity of AB;_4» but does not pre-
relief; thus, there is a great need for new treatments with vent oligomer formation (/7). Such findings render
disease-modifying potential. One pathological hallmark in vitro characterization of Af3 aggregation an impor-
of AD is so-called senile plaques, mainly made up of tant endeavor. It is known that a high degree of 5-sheet
[-sheet-rich assemblies of 40- or 42-residue amyloid structure content is a necessary condition for amyloid
B-peptides (AfB). Hence, inhibition of Af aggregation toxicity, but it may not be a sufficient proviso, as
is actively explored as an option to prevent or treat AD. demonstrated by the recent isolation of p-sheet-
Congo red (CR) has been widely used as a model rich nontoxic fibrillar aggregates upon treatment of
antiamyloid agent to prevent A aggregation. Herein, Ap with sulfated polysaccharide inhibitors (/2) and by
we report detailed morphological studies on the effect of another report where methylene blue was shown to
CR as an antiamyloid agent, by circular dichroism accelerate formation of S-sheet fibrils and thereby
spectroscopy, photo-induced cross-linking reactions, lower the concentration of toxic oligomers (/3). Thus,
and atomic force microscopy. We also demonstrate a thorough characterization of the morphologically
the effect of CR on a preaggregated sample of Af—40. distinct species that evolve upon incubation of A with
Our result suggests that A4 follows a different path various antiamyloidogenic compounds may help to
for aggregation in the presence of CR. rationalize how different inhibitors operate and lead
) ) ) ) to an increased knowledge for the design of new ones
Keywords: Alzheimer’s disease, atomic force microscopy, (14—16).
Congo red, amyloid, oligomers, fibrils, aggregates, amy- At present, there are no approved therapies that
loid f-peptide target amyloid formation directly, but many organic

molecules have been shown to inhibit fibrillation
in vitro, and thus represent an increasing list of proposed
antiamyloid lead compounds. Congo red (CR) (17), a

P I \ he aggregation of proteins into amyloid fibers is well-known histological stain, is widely used to demon-
associated with a growing list of diseases, in- strate the presence of amyloidogenic deposits in tissues.
cluding Alzheimer’s and the prion diseases Burgevin et al. have demonstrated that CR inhibited the

(I—3). Amyloid formation is a highly complex process, aggregation of amyloid p-peptide and protected

in which proteins with distinct biological properties lose hippocampal neuron cultures of rat from Af-associated

their native structures and become aggregated into toxicities (/8). Congo red has also been found to block

insoluble deposits (4). In Alzheimer’s disease (AD) (5),

a 40- or 42-residue peptide, popularly known as amyloid Received Date: December 18, 2009
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after folding through a [-sheet-rich conformation. Published on Web Date: February 03, 2010

A 4 © 2010 American Chemical Society 315 DOI: 10.1021/cn900041x | ACS Chem. Neurosci. (2010), 1, 315-324



ACS Chemical . _ ,
NeurOSC|ence pubs.acs.org/acschemicalneuroscience

the aggregation of Af|_4 in human macrophage cul-
ture (/9). From a study in a Drosophila melanogaster
model expressing Af, (20) it was established that CR
ensured protection against Af-aggregation even under
in vivo conditions, as feeding flies with 5% w/v CR
resulted in marked survival prolongation and reduction
in the amount of Af;_4 aggregates in the brain (21).
Furthermore, Chauhan et al. recently showed that CR
inhibits the undesired binding of fibrillar AS with
proteases such as trypsin, insulysin, and neprilysin.
These enzymes, important for the proteolytic clearance
of soluble A aggregates, were inactivated by interac-
tion with fibrillar AS. CR’s interaction with the fibrillar
form of Ap shielded the interaction between the cata-
bolic enzymes and the latter, thus rendering the enzymes
free for their catabolizing activity on the toxic soluble
form of Ap (22).

These prominent examples of the antiamyloidogenic
properties of CR have sparked an interest in developing
new congeners during the last couple of years (17, 23, 24).
Despite the interest of CR and its use as an antiamyloid
agent, to the best of our knowledge, there are no reports
on the morphological details of the various Af aggre-
gates formed at different time points under treatment
with CR. Keeping this in mind, we set out to study
the effect of CR on the AfS;_4 fibrillation process and
on various preformed Apf;_4 aggregates to a higher
detail. In this regard we used atomic force micro-
scopy (AFM) to study aggregated structures at different
phases of the aggregation process of Afi_4 in
presence of CR (20). We also studied the effect of CR
on the secondary structural feature of Af;—40 during the
early stage of the fibrillation process by circular
dichroism spectroscopy (CD). Moreover, photo-
induced cross-linking of unmodified protein (PICUP)
(25, 26) followed by SDS—PAGE was employed to
assess the oligomeric nature of various aggregates of
AB1—40 seen by AFM at different time points after CR
treatment.

Results and Discussion

Effect of CR Addition on the Fibrillation Process
of ABi—40

CD spectroscopy has been used to study the kinetics
of secondary structure changes (27—29). A general
feature emerging from biophysical studies suggests that
A exists in a “natively unfolded” conformation and
undergoes nucleation-dependent self-assembly. It is
reported that Af3 forms oligomeric “paranuclear” units,
which self-assemble to form beaded protofibrils, which
in turn aggregate to form fibrils, eventually leading to
plaque formation (4). Throughout this self-assembly
process f3-sheet structures become more and more
dominant (30). Here, we employed CD spectroscopy
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to determine the effect of CR on the structural change of
Af1—4 during the aggregation process. At the starting
point, Af1_4 was in a predominantly unordered con-
formation as described in the literature. With time, an
increased f3-structural content was observed, that is, the
characteristic kinetic feature of aggregation (Figure 1a)
(27). Comparing the spectral evolution over time, we
saw that addition of CR did not significantly retard the
adoption of f-structure by Af (Figure la,b). Af treated
with CR reached a conformational state with a con-
siderable amount of S-structure at 2 h, and at the same
time point, Af also possessed [-structure but in a
comparably smaller amount. Thus, it appears CR is
capable of catalyzing Af’s conformational change from
random coil to [-sheet. We also carried out the CD
experiments with various ratios of concentrations of
Af1—40; the accelerating effect of CR on the formation
of 5-sheet by Af_40 was evident in the whole concen-
tration range studied (Af;—40/CR 1:1 to 1:10, Support-
ing Information, Figure S1). The -sheet formation by
Ap1—401n presence of CR also lacked the presence of any
“lag phase” as observed in the CD of untreated A —_40
sample (Supporting Information, Figure S1d). These
results suggest that the addition of CR may have
triggered another mechanism of aggregation of Af
different from its classical nucleation-dependent one,
which is characterized by an initial “lag phase” during
[-sheet formation (4). Because our CD experiments with
varied concentrations of CR did not show much con-
centration dependence, we maintained a concentration
ratio of 1:5 (Af1_40/CR) for all our subsequent studies.
It has previously been reported that CR stabilized the
monomers of Af, and eventually it was postulated that
the in vitro oligomerization, which follows shortly
after dissolution of monomer in physiological buffer,
might have been prevented upon CR treatment (37).
Our result suggests that CR does not prevent the con-
formational conversion of Af to form substantial
[-structures; instead it favors its formation by a kineti-
cally accelerated pathway. These findings gave us the
impetus to study the outcome of Af aggregation upon
CR treatment for longer kinetic time points, that is, over
days, and to study the fate of previously claimed
CR-stabilized A monomers during the aggregation
process.

Photo-induced cross-linking of unmodified protein
(PICUP) has been used to detect the SDS-unstable early
oligomers of Af by converting them into SDS-stable,
covalently linked oligomers using a photochemical re-
action (25, 26). PICUP experiments have been a popular
approach to visualize the presence of lower order oligo-
mers of A as SDS-stable adducts. Recently, Ono et al.
successfully used PICUP in establishing the activity of
their proposed inhibitors against A aggregation by
comparing the oligomeric distribution pattern of Af
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Figure 1. Circular dichroism spectra of (a) 20 uM Af|—40 and (b) 20 uM AB—40 + 100 uM CR dissolved in phosphate buffer (pH 7.4) and

incubated in 37 °C at different time points.
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Figure 2. Photo-induced cross-linking of unmodified peptide (PICUP)
was carried out for samples containing (lane 3) 20 uM A3 _40 alone and
(lane 4) 20 uM AB—40 + 100 uM CR. Lanes 1 and 2 represent control
samples without employing PICUP. The experiments were performed
with the samples incubated for 0, 1, and 3 days, respectively. Approx-
imate molecular weight (in kD) as obtained by molecular weight
marker is shown on the left-hand side.

with and without inhibitor treatment obtained after
PICUP experiments (29).

It is evident from Figure 2 that at day 0, AfS;_40 was
initially present mostly in form of a heterogeneous
mixture of monomer, dimer, and trimer. In the sample
of Af1—40 without PICUP, only monomer band was
observed initially because the smaller oligomers were
not SDS-stable, but they became visible in the same
sample when the PICUP process was performed
(Figure 2) (26). In contrast, at day 0 in the CR-treated
sample with PICUP, mostly monomers were present
with no impression of smaller aggregates. This may be
possible if CR molecules interacted with the initial small
aggregates or oligomers of Af thus preventing their
photochemical cross-linking. As a consequence, signifi-
cantly different distribution of early aggregates was
observed in the presence of CR than in the Aj sample
alone, where smaller aggregates like dimer or trimer
were present in substantial amounts. Upon incubation
for 1 day, the band corresponding to dimer and trimer in
Af became prominent at the expense of monomer
content. At the same point, CR-treated AS only showed
monomer and larger aggregated species that could not
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enter the gel. Absence of lower order oligomers upon
CR treatment indicated that the aggregation did not
follow the normal process (4). After 3 days of incuba-
tion, Af had formed very large aggregates, which were
arrested on top of the gel, along with prominent dimer
and trimer band and a vanishingly faint expression of
monomer. In the CR-treated sample however, mono-
mer was minute, but the impression of larger aggregates
became very prominent, still with the absence of dimer
and trimer bands. These observations, along with CD
data (Figure la,b and Supporting Information, Figure
S1d), suggest that in the presence of CR, AS assembles
faster or that it takes a pathway that seems to be
different from the nucleation-dependent aggregation
of forming higher order aggregates. The increasingly
intensified band of higher order aggregates with time in
the CR-treated sample also suggested that aggregation
was still occurring.

To characterize the different pattern of aggregation
observed in our previous experiments in greater detail,
we have employed AFM, which has already proved
its efficiency in studying the high-resolution structures
of A (20). Upon incubation at 37 °C and pH 7.4
(phosphate buffer) with agitation, Af3| 49 self-assembles
to form various types of aggregates. At the initial time of
incubation, we found only very small entities devoid of
any regular shape or size (Figure 3a). Upon incubation
for consecutive days, more and more ordered structures
were beginning to evolve. Shorter forms of fibrils, that
is, protofibrils, were first detected after 2 days of
incubation. After 3 days of incubation, fully grown
fibrils were observed; these had varied widths, probably
because the fibers were still within the process of ma-
turation (Figure 3b). The morphology of the fibers was
also varied with either smooth or nodular surface
appearance. The distribution patterns of smooth and
nodular fibers were distinctly different. The smooth
fibers had mean height of 2.5 nm and mean width
of 47.5 nm, whereas the nodular fiber had 4.15 and
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Figure 3. Atomic force microscopy (AFM) images of 20 uM Af—_49 in phosphate buffer (pH 7.4) at time (a) 0, (b) 3, and (c) 5 days after
incubation at 37 °C and 20 uM Af|_4g treated with 100 uM CR in phosphate buffer (pH 7.4) at time (d) 0, (¢) 3, and (f) 5 days after incubation

at 37 °C.

83.5 nm, respectively (Supporting Information Figure
S2). Longitudinal stacking of protofibrils along the
length of individual fibrils was also well resolved as seen
in Figure 4a—c. This convincingly established the pro-
cess of building individual fibrils by assembly of proto-
fibrillar units coaxially (4). After 5 days of incubation,
the heights and widths of individual fibrils became more
homogenously distributed (Figure 3c). Protofibrils and
other very thin and long immature fibrillar structures
were evident even after 5 days of incubation (Figure 5a).

Incubation of Af;_49 with CR proved to have an
effect on the size and shape of initial aggregates. As seen
in Figure 3d, in the presence of CR, the sizes and
shapes of the A aggregates at the initial time were
mostly homogeneous (compared with Af1_49 alone in
Figure 3a), and the distribution of globular structures
found on the surface was seen to be repetitive
(Figure 3d). Very recently, Shoichet et al. showed that
the effectiveness of small molecule inhibitors of amyloi-
dosis depended on their colloidal nature (32). According
to their suggestion, CR inhibition also belonged to this
category of inhibitors; thus, CR aggregates in solution
to form micelle- or vesicle-like aggregates, which was
found to inhibit model enzymes. The aggregation of CR
was also characterized by dynamic light scattering
(DLS) experiments (33). On the same line, the globular
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structures of Figure 3d could depict the presence of
aggregates of CR (see Supporting Information, Figure
S3), which either interact with the monomers or lower
oligomers (and eventually disrupt the structural integ-
rity of early oligomers) or accelerate the aggregation
process in such a way that lower oligomers cease to get
detected in the PICUP result at day 1 (Figure 2). Both
of these mechanisms are supported by the result shown
in Figure 2 (lane 4; day 1), because only monomer and
larger aggregates are detected; comparison of the
intensities from the monomer and larger aggregate
bands at days 1 and 3 suggests that the interaction with
monomers or lower oligomers precedes the formation of
larger aggregates.

In our subsequent observation, the formation of
fibrils of AB1—_40, even in the presence of CR, was clearly
noticeable. Although the number of occurrences was
extremely low, the fibrils appear as fully grown in length
after 3 days of incubation (Figure 3¢). The most striking
difference was in the morphology of the treated fibrils
after 5 days of incubation. The fibrils were shorter
compared with the full-grown nontreated AfS;_ 4 fibrils
(Figure 3c,fand Figure 4a—f). The distribution of height
and width of the fibers was entirely different from that of
both types of fibers, nodular and smooth surfaced,
observed in nontreated Af;_4 samples after 5 days of

DOI: 10.1021/cn900041x | ACS Chem. Neurosci. (2010), 1, 315-324
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Figure 4. (a) Individual mature fibril of Af|_40, (b) a part of the same fibril scanned at higher resolution, (c) transversal topographic profile of
the same fibril scanned along the line in panel b, (d) fibrillar type aggregates at higher resolution as seen in the sample of Af;_49 incubated with
CR for 5days, (e) part of the same fibril scanned at higher resolution, and (f) transversal topographic profile of the same fibril scanned along the

line in panel e.

incubation (Supporting Information, Figures S2 and
S4). The contours of the individual treated fibers were
rough, and it seems that the small building blocks that
were aligned to form the fibrils were entirely different
from that of the nontreated fibers (Figure 4d—f and
Supporting Information, Figure S5). The height scan of
anindividual nontreated fiber revealed a lateral stacking
of intermediate units along the fiber axis (Figure 4b,c),
whereas in case of the treated fibers, the height scan
along the fibril axis on a high resolution individual fiber
(Figure 4e,f) clearly shows spherical aggregates aligning
together to form fibrillar structures (Supporting Infor-
mation, Figure S5). This observation supports our
conclusion that the formation of fibrils in presence of
CR takes a different pathway, as compared to the native
Ap fibrillation process. More globular aggregates were
observed in the presence of CR, compared with Af itself
(Supporting Information, Figure S5). It seems that
under CR treatment, Af prefers to follow the pathway
of globular aggregate formation to fibrillation. As
reported previously, the globular aggregates are
evolved, probably by another exclusive mechanism,
independent of the native fibrillation process (7). Our
observations suggest that the presence of CR might
trigger the pathway of formation of globular aggregates.
The apparent similarity of morphology in Figure 3b.e
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can be explained by the fact that the native Af fibrilla-
tion process still occurs even in presence of CR,
although the number of occurrence of fibers is negligibly
small. As could be seen from our other experiment with
CR and fully grown Ap fiber from preaggregated AfS
sample (vide infra), CR binds and disaggregates the fully
grown fibers (Figure 5f). A similar phenomenon is seen
in Figure 3e, where a native-like fiber is formed but
eventually it gets disaggregated and chopped by CR,
leading to complete disappearance of such long fibers
after 5 days. A close look at the sole fiber of Figure 3e
would reveal the localization of CR aggregates along the
length of the fiber.

Summing up our observations so far, we propose that
CR arrests the monomers or early forming oligomers of
Ap and forms globular structures as seen in Figure 3d;
which upon further aggregation produce either fibrillar
or globular aggregates (seen in Supporting Informa-
tion, Figure S5) by mutually exclusive pathways
(hypothetically illustrated in Scheme 1). It has been
observed from our CD experiments that during the
early events of structural evolution, Af;_4 forms
[-sheet structure in an accelerated manner in presence
of CR. Thisis in line with earlier literature, which ascribed
accelerated adoption of f-sheet structure by the AB;_40
backbone to the affinity of CR to interact with Af in a

DOI: 10.1021/cn900041x | ACS Chem. Neurosci. (2010), 1, 315-324
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Figure 5. (a) Long mature fibril of AS1—40, finer fibrils, and other premature fibrillar aggregates as seen after 5 days incubation at 37 °C, (b)
branched aggregates seen after treating 5-day mature A31—40 fibrils with CR for 1 day, (c) individual matured fibril, (d) rarely seen individual
mature fibril after treating 5-day mature A1—40 fibrils with CR for 4 days, (¢) plenty of fibrils and protofibrils of different lengths after 5 days
of incubation of A1—40, and (f) rarely observed full-length fibril after treating 5-day mature A1—40 fibrils with CR for 5 days where
aggregated CR was seen to be localized along the length of individual fibril.

f-strand conformation (34, 35); CR might intercalate
between early forming f-strand species to give them
more stability, thus catalyzing the 3-sheet formation.

Effect of CR Addition on Preformed Fibrillar

Aggregates of Af

To study the effect of addition of CR on the 5-day
matured Af aggregates formed by incubating at 37 °C,
we performed an AFM study of the samples by adding
CR and incubating it for yet another 5 days. It seemed

v (©2010 American Chemical Society

320

that the addition of CR to the 5-day-old Af3 sample had
manifold effects. The most prominent one was observed
on the protofibrillar aggregates or other fine fibrillar
structures that were seen previously (Figure 5a). After
incubation with CR for 1 day, the finer protofibrils were
thickened and merged together to form branched struc-
tures (compare Figure 5, panels a and b). At that point,
the linearity of the finer fibrils was strikingly absent in
the CR-treated sample. It may be due to the effect of the

DOI: 10.1021/cn900041x | ACS Chem. Neurosci. (2010), 1, 315-324



ACS Chemical . _ _
NeurOSC|ence pubs.acs.org/acschemicalneuroscience

Scheme 1. Hypothetical Model of Af; 49 Aggregation
in the Absence and Presence of CR”

An monomer @

Oligomeric nucleus

0 Globular aggregates

1

Protofibril

. |
Fibril

Fibrillar aggregate

s
+4CR——

Micellized CR
Arrested monomiers

Af monomer

GlobuUlar aggregate

“ AB1-40 monomers self-associate to form an oligomeric nucleus as
an early event in the aggregation pathway prior to formation of
protofibril and fibril. CR in aqueous solution forms colloidal aggregates,
which upon incubation with non-aggregated Af;_4o arrest the mono-
mers on its surface; the AB—CR conjugates thus formed further aggre-
gate to produce aggregates of different shapes, for example, fibrillar or
globular.

colloidal aggregation property of CR, which can arrest
the floating fine fibrils to form these branched shaped
ones (Figure 5b) (32). The mode and sites of binding of
CR molecules along amyloid fibrils of A _40 has been
previously determined for CR and analogs by Lockhart
etal. (36, 37). In the same line, Figure 5d shows the effect
of CR addition on the fully grown fibril itself. These
fibrils were no longer well resolved; it seemed that CR
aggregates were coalescing along the length of the
individual fibril (Figure 5f), which in turn may divide
the long fibrils into shorter ones, thus supporting the
fact that the number of occurrences of fibrils were
vanishingly small after just 1 day of incubation of
preformed fibrils with CR.

Many compounds have been reported to show anti-
amyloid activity in various in vitro and in vivo experi-
ments, but a drug against A toxicity in AD is yet to be
identified. To date, many CR analogs, for example,
BSB, X34, and X04, have been developed, although
they eventually showed poor brain uptake (38—40). The
CR-derived chrysamine G (CG) showed good BBB
properties and alower toxicity level compared with CR
(35), creating space for further development and char-
acterization of CR congeners in search of new antiamy-
loids. Detailed structural studies of the mechanism of
action of already available antiamyloids can help in
future development and characterization of druggable
modalities in AD. This study aimed to provide detailed
morphological understanding of the mechanism of
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action of CR, which has been an archetypal antiamyloid
for decades. From the results presented herein, we
postulate that CR interacts with Af;_49 monomers or
early forming oligomers and prevents formation of early
aggregates or oligomeric paranucleus, which are con-
sidered to be the most toxic species in the amyloid
cascade of Af (41—45). The hypothesis is that this
interaction of CR with Af;_4 guides the peptide to a
pathway of aggregation different from its classical
nucleation-dependent one leading to fibril formation.
By doing so, CR contributes to lowering the concentra-
tion of highly toxic smaller oligomers of Af generated in
the early phase of amyloidogenesis. Fibrillation of
Af1—49 in the presence of CR had not been previously
reported; isolation of highly resolved fibrillar structures
of A in the presence of CR, although morphologically
different from native fibrillar species of Af1—49, demon-
strates an alternative assembly process. Recent studies
have suggested that therapeutic strategies aimed to
reduce fibril formation may instead promote accumula-
tion of smaller toxic oligomers. In this regard, it is of
outmost importance to characterize the aggregates gen-
erated after treatment with antiamyloids. The metho-
dologies presented here with CR would thus be highly
beneficial for future characterization of Af aggregates
in the presence of other inhibitors. At last, our endeavor
to access the effect of CR on already aggregated species
of ABi_49, at a higher structural detail, being the first
example of this kind, can well prove to be a vital step in
developing inhibitors with specific actions on different
aggregation phases of Ap.

Methods

Materials

Amyloid S peptide (1—40), AB|—_49, Was purchased from
Bachem AG, Switzerland. Congo red was purchased from
Sigma Aldrich.
Pretreatment of Af;_4

To ensure aggregation free, low molecular weight (46) A
at the starting point of each experiment, A was pretreated
following the process adopted in the literature with slight
modification (/2). Briefly, | mg of A was dissolved in 1 mL of
TFA, and the TFA was removed under a gentle stream of
argon. The peptide was then suspended in 1 mL of 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) and incubated at 37 °C for 1 h.
The HFIP was evaporated under a stream of argon, and the
resulting peptide film was dissolved in 2 mL of HFIP and
divided into aliquots. HFIP was evaporated under argon, and
the vials were kept for 3 h under 0.5 mbar to remove traces of
HFIP. The aliquots were stored in an airtight vial at —20 °C.
Immediately prior to use, the aliquots were dissolved to 200
uM in 20 mM NaOH, followed by brief sonication (47). This
solution was diluted to 20 uM in 10 mM sodium phosphate
buffer, pH 7.4, for all experiments.

For all experiments except CD, 20 uM of Af3 was incubated
either separately or with addition of 100 uM CR at 37 °C with
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shaking. For the CD experiments, 20 uM of A was incubated
either separately or with addition of 20, 100, and 200 uM
CR at 37 °C with shaking. For determining the effect of CR
on already aggregated Af_40 samples, first 20 uM Af solu-
tion and was incubated for 5 days 37 °C with shaking. Then
100 uM CR solution was added to above solution and
incubated under similar condition for another 5 days. For
kinetic studies, samples were taken after specified time points
and studied by the following experiments described below.
Atomic Force Microscopy

At specific time points, 2 4L aliquots of the incubated
samples were dropped on a freshly cleaved mica surface and
left for 2 min. Then the mica plate containing the drop of
sample solution was washed gently with drops of deionized
water and subsequently dried under dry argon flow. All the
AFM measurements were performed in tapping mode using a
Nanoscope 3a multimode instrument from VEECO. All the
images were processed by WSxM software (48).

CD Spectroscopy

CD spectra were obtained using a Jasco-810-150S spectro-
polarimeter (Jasco, Japan). A quartz cell with | mm optical
path was used. Spectra were recorded at 25 °C between 190
and 260 nm with a bandwidth of 1 nm, a 2 s response time, and
a scan speed of 50 nm/min. Background spectra and when
applicable, spectra of 20, 100, and 200 uM CR in phosphate
buffer of pH 7.4 were subtracted. Each spectrum represents
the average of three consecutive scans.

Photo-induced Cross-Linking of Unmodified Proteins
(PICUP)

The photosystem required for performing PICUP experi-
ments was constructed according to the description of the set
up of Fancy and others (25, 26) with some modifications.
Irradiation was accomplished using a 200-W incandescent
lamp and a 35-mm Pentax camera body with attached bellows.
The bellows was attached to isolate the reaction tube from
external light. The lamp was positioned 15 cm from the reaction
tube at the open back of the camera. The irradiation time was 1
s and was controlled precisely using the camera shutter.

Photochemical Reaction. In a typical experiment, 1 4L of 1
mM Tris(2,2'-bipyridyl) dichlororuthenium(I) (Ru(Bpy),
Sigma) and 1 uL of 20 mM ammonium persulfate, APS
(Sigma) in buffer A (10 mM sodium phosphate, pH 7.4) were
added to 18 uL aliquots taken at each time point. The
mixture was irradiated, and the reaction was quenched
immediately with 10 4L of Tricine sample buffer containing
5% p-mercaptoethanol.

Samples were analyzed by SDS—PAGE on 10—16%
Tris—Tricine gel. Non-cross-linked A with and without
CR treatment was used as a control for each cross-linked
peptide. After SDS—PAGE, the proteins from the gel were
electroblotted (49) onto nitrocellulose membrane for 1 h at
100 mA and 40 V by using Tris—glycine buffer containing
25% methanol. The unoccupied sites of the membrane were
blocked by incubation with 1% BSA in phosphate-buffered
saline (PBS, pH 7.0) containing 0.05% Tween-20 (PBST) for
1 h at room temperature. The membrane was washed three
times with PBST and incubated overnight with 6E10 anti-
body (1:5000). After the membrane was washed with PBST,
it was again incubated for 1 h with ECL mouse anti-IgG
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antibody (1:5000). Next the membranes were washed again
with PBST and incubated for 5 min with ECL solutions. The
membrane was then developed in a PROTEC developer
(Process technology, Germany).

Supporting Information Available

CD spectra at different ratios of CR/Ap, distribution curves
of occurrence versus height and width of Af nodular and
smooth fibers, AFM of CR aggregates, distribution curves of
occurrence versus height and width of Af fibers with and
without CR, and AFM of aggregates of CR-treated Af—_40.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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