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Designed Amyloid 5 Peptide Fibril—A Tool for
High-Throughput Screening of Fibril Inhibitors

Gunnar T. Dolphin, Myriam Ouberai, Pascal Dumy,* and Julian Garcia*"”

Amyloid 8 peptide (Ap) fibril formation is widely believed to be
the causative event of Alzheimer’s disease pathogenesis. Thera-
peutic approaches are therefore in development that target vari-
ous sites in the production and aggregation of Af. Herein we
present a high-throughput screening tool to generate novel hit
compounds that block Ap fibril formation. This tool is an applica-
tion for our fibril model (Af;5-3,Y20K2:K>4) Which is a covalent as-

Introduction

Amyloid diseases are protein-misfolding disorders character-
ized by aggregation of proteins and peptides, which form in-
soluble fibrils in vivo that accumulate into amyloid plaques.
The most common forms of amyloid disease are the neurode-
generative disorders Alzheimer’s, Parkinson’s, and Huntington’s
diseases."™ Even though amyloid-forming proteins show little
sequence homology, amyloid fibrils share common characteris-
tics, such as unbranched fibrillar morphology, cross-B-sheet
structure, and binding of the amyloid-specific dyes Congo red
and thioflavin T (ThT).

Alzheimer’s disease (AD) is a progressive degenerative dis-
ease characterized by amyloid fibrillar deposits in the brain
that consist mainly of the amyloid § peptides AB,_4 and AB,.
2~ Amyloid B peptides are proteolytic fragments of the amy-
loid precursor protein® and include a membrane segment,
giving them their highly hydrophobic and aggregation-prone
nature. AP is normally present as a random coil, but through
formation of intermediate oligomers, misfolds into fibrils, and
further aggregation of the fibril forms amyloid. The mechanism
for amyloid formation is suggested to occur through a nuclea-
tion-dependent polymerization.©®”!

It is widely accepted that the formation of fibrils is implicat-
ed in the neurotoxicity associated with AD, but there is still
much discussion about which aggregation state of A is toxic
and what the mechanisms of toxicity are. In AD patients both
the disruption of cellular calcium homeostasis and increased
oxidative stress have been observed.® Suggested mechanisms
for the observed toxicity in AD include AP interaction with
neuron membranes, generating an increase in intracellular cal-
cium concentration.” This has been proposed to occur
through either insertion of AP in the cellular membrane with
formation of pores,"®™ or through direct interaction of AP
with membranes, which leads to their instability.">™ More-
over, elevated intracellular Ca?* levels can trigger excessive
phosphorylation of tau protein, a major component of paired
helical filaments, which leads to the accumulation of neurofi-
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sembly of four AB fragments. With this tool, screening studies are
complete within one hour, as opposed to days with native Af3;_s
A Z factor of 0.84+0.03 was determined for fibril formation and
inhibition, followed by the reporter molecule thioflavin T. Herein
we also describe the analysis of a broad range of reported inhibi-
tors and non-inhibitors of A fibril formation to test the validity
of the system.

brillary tangles, a typical pathology of AD and related diseas-
es." Oxidative damage observed in the brains of AD patients
has been suggested to be a result of Af3-mediated reduction
of Cu** and Fe*", leading to the production of reactive
oxygen species (ROS).'®*' The ROS, in turn, modify and de-
crease the function of critical enzymes in energy metabo-
lism.['®

To date, there is no detailed structural information about
amyloid fibrils, owing to short-lived intermediates and their in-
soluble nature. From experiments using circular dichroism
(CD), solid-state NMR, EPR, and X-ray scattering, amyloid fibrils
have been determined to contain a high amount of [-sheet
structure. Key features of AP organization in fibrils have also
been revealed, such as the cross-f-sheet structural motif,
where 3 strands are perpendicular to the fibril axis and form
intermolecular parallel B sheets extending the length of the
fibril."

A number of therapeutic approaches are in development
that target different sites on the pathway towards Alzheimer’s
disease. As fibril formation of Af is implicated in AD pathogen-
esis, important strategies include: decreasing Ap production,
stimulating the immune system to remove A from the
brain,®" and direct inhibition of the AP self-assembly pro-
cess.?>%1 For the suppression or prevention of the transition
from monomeric to oligomeric and polymeric AP} species, an
accumulation of reports that describe small-molecule inhibitors
has emerged in the past few years. This approach was initially
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based on the finding that the small dye, Congo red, interacts
specifically with amyloid fibrils and inhibits their formation.”!

ThT also shows specific binding to amyloid, and is the sim-
plest way to identify amyloid structures and to follow their for-
mation and disassembly in the search for inhibitor compounds.
ThT is highly specific and sensitive for the characteristic cross-
p-sheet structure of amyloid fibrils, and its binding is easily fol-
lowed by fluorescence spectroscopy. This is due to a large exci-
tation spectral red shift (bathochrome shift), which allows se-
lective excitation of bound ThT.”® ThT binding can be followed
by studying aliquots of amyloid fibril mixtures added to a solu-
tion of ThT or by addition of ThT to the fibril-forming mixtures,
as it has been shown to have little effect on the assembly pro-
cess. 227

However, the discovery of inhibitors is hampered by the
rather slow phases of nucleation and self assembly of AP pep-
tides, which has been described as a nucleation-dependent
polymerization mechanism.®” The nucleation and lag phases
usually take a few days, and the whole process to fully formed
fibrils can take more than a week. However, the nucleation
phase can be avoided by the addition of preformed fibrils that
seed the self association. The kinetic processes involved in Ap
organization are highly variable; identical kinetics studies can
show different lag phases. For these reasons, there is a need
for a fast and reproducible screening tool for the search of
amyloid inhibitors. This tool should have the properties of easy
handling and stability and should be adaptable to automatic
analysis.

Herein we present an application for the engineered fibril
building block, (AB1s.37Y20K2Ko4)s as @ high-throughput screen-
ing tool for amyloid inhibitors. Previously we reported the
preparation and characterization of (AP;s.35,Y20K2,K,4)s @ four-
fold assembly of AP} fragments attached to a template scaffold
(Figure 1).”¥ We demonstrated the formation of well-formed fi-
brils with this assembly by transmission electron microscopy
(TEM), CD, and binding with the dyes ThT and Congo red. This
construct also displayed important characteristics for high-
throughput screening such as highly controllable kinetics of
fibril formation, and as the formation of fibrils is rapid and
occurs without a lag phase, oligomer formation is expected
not to occur with this system. We also demonstrated control
over both the initiation and the kinetics of fibril formation by
the addition of HPO,>~ at various concentrations.”® As no for-
mation of fibrils occurred with monovalent anions, we con-

Figure 1. Modeled representation of the fibril building block (AB;¢3;Y20K32K24)4, Viewed along and from the side of
the fibril axis (left); self-assembled (AB4_37Y20K2:Kz4)4 forms a fibril (represented at right).
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cluded that the formation of fibrils is due to charge neutraliza-
tion of the net positively charged assembly with dianions such
as HPO,>.

We report herein a reproducible analysis of fibril formation
and inhibition with amyloid inhibitors, following the real-time
change of fluorescence in ThT-fibril interactions. The studies
are performed on microplates and the kinetics are fast and
complete within one hour. The formation of fibrils is started by
simply adding HPO,>~ to solutions of (AB;e_3,Y20K2Kza)s ThT,
and potential inhibitor molecules. No aggregation or fibril for-
mation is observed without the addition of HPO,>". To test the
validity of our system, this study was carried out with a broad
range of reported inhibitors and non-inhibitors.

Results
The screening tool

Previously we reported the preparation of the AP fibril building
block, (APis.37Y20K22Kz4)s Which is a fourfold assembly of AR
fragments, residues 16-37 of full-length AB, attached to a tem-
plate scaffold (Figure 1).”® Furthermore, for increased solubility
by a net positive charge, three mutations were introduced into
the sequence that forms the hydrophilic surface of the fila-
ment, namely Phe20—Tyr, Glu22—Llys, and Val24—Lys. This
fourfold assembly configuration thus creates two cross-sec-
tions (as compared with native Af fibrils), each containing two
AP segments that fold through side-chain—side-chain hydro-
phobic interactions. The characteristic amyloid cross-f3-sheet
structure is formed between the cross-sections, and aggrega-
tion of assemblies forms fibrils (Figure 1). The structure was
found to be highly soluble, and the cross--sheet structure
and formation of fibrils were confirmed by CD, TEM, and spe-
cific binding of ThT and CR.*®

Herein we present an application for the designed amyloid 3
peptide fibril building block, (ABis.5;Y20K:.K,4)s as a tool for
high-throughput screening (HTS) of fibril inhibitors. Important
characteristics for HTS applications are displayed in the folding
and self association of (AB;6.3,Y20K2:Kz4)4 SUch as rapid fibril for-
mation and control over the initiation of fibril formation by the
addition of the divalent anion HPO,>". Also, the kinetics are
highly sensitive to the HPO,”~ concentration, which permits
fine-tuning of the kinetics depending on instrumentation. The
kinetics are easily followed by the binding of the cross-f-
sheet-specific dye ThT (see
Table 1 for structure). Figure 2a
shows fluorescence spectra of
ThT at various times after initia-
tion of (APie_37Y20K22Koa)s fibril
formation with phosphate buffer
(5mm pH7.1). In the study of
the stagnant solution of ThT and
its interaction  with  (AB;e
37Y20K2,Kz4)s, strong fluorescence
intensity is observed at 480 nm,
which increases as a function of
fibril  growth (Figure 2a). By
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Figure 2. Comparison of folding kinetics between (AB;¢.3,Y20K3:Kz4)4 and AB;_4. @) Fluorescence spectra of ThT (10 um) in the presence of (ABis.37Y20K22Kz4)4

(4 pm) at various times after the addition of phosphate buffer (5 mm, pH 7.1, 20°C). Spectra are plotted at (from the bottom) 0, 6, 15, 23, 32, 40, 48, 57, 75,
and 84 min; A.,=440 nm. b) Folding kinetics of (AB1s_37Y20K2Kz4)4 (70 pL, 4 um, 25°C) in 5 mm HPO,?™ (data points at top), monitored by the fluorescence of
bound ThT at 480 nm; the solid line is the exponential curve fit. Data points at bottom represent the absence of phosphate. ) Folding kinetics of AB;_4

(50 pum) in phosphate buffer (50 mm) and NaCl (100 mm) pH 7.4 at 37°C, monitored by ThT fluorescence at 480 nm with excitation at 440 nm. Data were ob-
tained from 4-pL aliquots that were removed from the aggregation mixture and analyzed separately with 96 uL ThT (10 um), HPO,>~ (50 mm, pH 7.1; see Ex-
perimental Section). To aid the eye, the data are curve-fitted with an extended-exponential function (dashed line). Data in a) and c) were recorded in a 0.3 cm

reduced cuvette; data in b) were recorded using a microplate reader.

studying the increase in fluorescence at 480 nm as a function
of time (Figure 2b), it can be seen that the system shows fold-
ing with no lag phase and is complete within one hour. The ki-
netics data are well fitted to a single-exponential function, and
the measured rate constant for the complete formation of
folded fibrils is 0.2 min~" at 25°C.

For screening purposes, the obvious problem with native AP
is its slow kinetics of fibril formation, which is shown for AB,_4
in Figure 2c. As can be seen, the disadvantage is first due to a
long nucleation phase (lag phase) that takes more than three
days, and thereafter, the slow phase of self assembly into fi-
brils, as evident with the increase in ThT fluorescence. The
whole process to fully formed fibrils is complete after about six
days. The aggregation kinetics study of AB,_4 (50 um) was per-
formed in stagnant solution under optimal conditions (50 mm
HPO,>~ and 100 mm NaCl, pH 7.4 at 37°C). It is for this slow
process of AP,_,, fibril formation that we became interested in
our AP fibril building block as a tool for HTS.

Screening studies

The validity of the present system was subjected to analysis
with a broad range of reported inhibitors and non-inhibitors of
native AP fibril formation. The library of inhibitors contained
19 compounds belonging to more than 10 different chemical
classes (Table 1). Also, in the design of the inhibitor library we
chose inhibitors that would create an array of previously re-
ported inhibitory effects against AP, fibril formation. The
compounds tested are not only well known to inhibit Ap ag-
gregation, but are also commercially available and range from
natural products to synthetic dyes. Only a cholic acid modified
AB fragment was prepared as previously reported.”” Table 1
shows that a common feature for most of the reported amy-
loid inhibitors is the presence of aromatic groups, which are
expected to interact with the aromatic residues commonly
found in amyloid-forming peptides.
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The present system is easy to handle; inhibition studies of
fibril formation are performed on microplates for multiple and
automatic data collection. First a stock solution containing
both the fibril-forming building block (AB;s.5,Y20K2,K,4)s and
the fluorescent reporter ThT was added to the required wells.
Potential inhibitors were then added, and the formation of fi-
brils was started by the addition of phosphate buffer (HPO,?").
The final concentrations used were 4 uM (AB1g_37Y20K22Ko0) 4
10 um ThT, and 5 mm HPO,*". The concentrations of studied in-
hibitors were 0, 0.01, 0.1, 1, 10, and 100 pum. No aggregation or
fibril formation was observed without the addition of HPO,*
(Figure 2b). The kinetics were performed at room temperature
and monitored by the fluorescence of fibril-bound ThT (1.,=
440 nm, A.,,=480 nm) as a function of time at 1-min intervals.
All inhibitor compounds were analyzed in the absence of
(AP16-37Y20K22Kz4), @and ThT by UV to exclude the possibility that
they act as potential inner filters of ThT at the excitation or
emission wavelengths, thus acting as false positives. From this
analysis we found that only the compounds curcumin, methyl
yellow, chlorazol black E, and rifampicin have absorbencies
near one or both of the excitation/emission wavelengths. For
these four compounds we therefore expect that, to some
degree, the fluorescence decrease observed at high compound
concentration is due to an absorbency filtration effect (see Dis-
cussion Section below).

As the compounds display various degrees of inhibitory ef-
fects, we grouped them according to their effects towards
(AP16-37Y20K2K,4)4 fibril formation, to give representative results
with a compound from each group (Figure 3). The five groups
formed are classified as: very strong inhibitors (ICso<1 um),
strong inhibitors (ICs,=1-10 pum), medium inhibitors (ICs,=10-
100 pm), weak inhibitors (IC5o~100 um), and non-inhibitors
(ICso> 100 pm). Almost all inhibitors tested, as previously re-
ported for AB,_4, inhibit the aggregation of (APi4_3;Y20K22Kz4)4
in a dose-dependent fashion; only one, a-lipoic acid, did not
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Figure 3. Representative inhibition data for selected inhibitors of (AP;¢_3;Y20K22Kz4), fibril formation: a) myricetin,

b) NDGA, ¢) tetracycline, and d) 2-amino-4-chlorophenol. All inhibition studies were monitored by the fluorescence
of bound ThT (10 uM; Ao, =440 nm, A, =480 nm) to (AB;e_s7Y20K»K>4)s (4 M) in HPO,2™ (5 mm, pH 7.1) at room
temperature. Respective inhibitor concentrations (um) are indicated next to each curve.

display a strong inhibitory effect as previously reported (see
below).

Very strong inhibitors

The group of very strong inhibitors is formed by the com-
pounds basic blue 41, the yellow curry pigment curcumin,
methyl yellow, the wine-related polyphenol myricetin, and thi-
onin (Table 2). Figure 3a shows representative results for this
group, with those of myricetin. Co-incubation of (AP
37Y20K5K54), with myricetin markedly decreased the formation
of amyloid fibrils as detected by the specific binding of ThT in
comparison with the control without inhibitor. Increasing the
concentration of these inhibitors progressively reduced the
signal from ThT in a dose-dependent fashion. For this group,
the presence of 10 um or more of the inhibitor compounds
completely blocked the aggregation of (APis_s;Y20K»K4)s and
in the presence of inhibitor at 1 pum, the signal from ThT was
decreased by more than 75%. The concentrations for inhibit-
ing the aggregation of (AP;s_s;Y20K»Ks4)s by 50% (ICs, values)
for these compounds are listed in Table 2. Comparing the IC;,
values obtained from this group of inhibitors with the system
reported herein with those previously reported towards AB;_s,
a high degree of correlation is observed. The IC, values report-
ed for this group are between 0.2 and 0.4 um, and previously
reported values for AP, are between 0.3 and 1.5 um (see
Table 2 for references).

ChemMedChem 2007, 2, 1613 -1623
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Time / minutes can be seen, and at 1 pm, the
signal from ThT is decreased to
~50%. Table2 shows the ICs,
values determined for the group
of strong inhibitors. They are be-
tween 0.9 and 1.4 pm and thus
show good correlation with the
corresponding values that were previously reported for AB;_s,

which lie between 0.1 and 6 pm.

Medium inhibitors

The group of medium inhibitors includes tetracycline and
cholyl-LVFFA. Cholyl-LVFFA is a cholic acid modified amino ter-
minus of an AP fragment consisting of residues 17-21. Both of
these inhibitors reduced the signal from ThT in a dose-depen-
dent fashion (Figure 3¢). In this case, complete inhibition of
the aggregation of (APBie37Y20K2Kos)s is not observed in the
concentration range studied. The ICs, values are 10 um for
cholyl-LVFFA and 35 pm for tetracycline. These data are in
good agreement with the corresponding values previously re-
ported: <5 pm for cholyl-LVFFA and 50 pum for tetracycline (see
Table 2).

Weak inhibitors

A relatively small decrease in ThT fluorescence was observed in
the presence of compounds we classified as weak inhibitors:
2-amino-4-chlorophenol and 4,4'-dihydroxybenzophenone (Fig-
ure 3d). For this group, a concentration of about 100 um, the
highest concentration studied, is required to reduce the ThT
signal to 50% of that observed without inhibitor. The ICs,
value of 100 pum for 2-amino-4-chlorophenol is about the same
as that previously reported (ICs5,=30 um, Table 2). Published
data for AP, inhibition by 4,4'-dihydroxybenzophenone was
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not found. However, a study of the closely related 2,2'-dihy-
droxybenzophenone was reported, with an ICy, value of
> 40 pm,B" indicating that it is also a weak inhibitor or a non-
inhibitor.

Non-inhibitors

The group of non-inhibitors is composed of the lipid-soluble
antioxidant a-lipoic acid, -cyclodextrin, camphorsulfonic acid,
the anti-Parkinson’s agent dopamine, nicotine, and pyridine
(Table 2). Figure 4 shows the results of co-incubation of (Ap;s_
37Y20K2,Kz4), with these compounds, and here it is clear that
they exert only small effects on the specific binding of ThT.
Nicotine was previously reported to show anti-fibril-forming ef-
fects on AP, at relatively high concentrations (ICso=
10 mm)."? In the same report it was also shown that pyridine
had no inhibitory effect on fibril formation with AB,_, and
thus our results for pyridine and nicotine correlate well with
those previously reported. Camphorsulfonic acid and p-cyclo-
dextrin have a nonaromatic structure that is atypical for fibril
inhibitors and were tested here as non-inhibitor controls. Both
of these compounds gave the expected results, showing no in-
hibition at 100 um (Figure 4a).

P. Dumy, J. Garcia, et al.

We did not detect inhibitory effects using the current
system with the inhibitors recently reported by Yamada and
co-workers: o-lipoic acid®? and dopamine™” (Figure 4b,c).
They reported ICs, values for inhibition of Af,_, fibril forma-
tion of 3.2 um for o-lipoic acid and 0.01 pm for dopamine.
Their results for dopamine show a very strong inhibitory effect,
making it one of the strongest reported inhibitors to date.
However, the research group of Fink reported a weak inhibito-
ry effect of dopamine, which was required at 10-100 pm to in-
hibit the formation of amyloid fibrils from a solution of AP,
(230 um in 25 mm Tris, 100 mm NaCl, pH 7.5, 37°C).*" Owing
to this controversy with dopamine we set out to reproduce
the previously reported results on the inhibition of AB,_4, fibril
formation with both a-lipoic acid and dopamine. The inhibi-
tion study of AP, (50 um) was performed in stagnant solu-
tion using the same conditions as reported by Yamada’s re-
search group: HPO,>~ (50 mm, pH 7.4) and NaCl (100 mm) at
37°CB*% We co-incubated AB,_, with the inhibitors at 0, 1,
10, and 100 pm, and aliquots were studied for changes in ThT
fluorescence. As apparent in Figure 5, and as is also the case
for the (APis.37Y20K2:Koa)s System, we did not observe the ex-
pected inhibition as previously reported. In our studies we ob-
serve fibril formation at all a-lipoic acid concentrations tested

(ICso>100 pum), and for dopa-
mine we observed inhibition
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Table 2. Inhibition of (AB;s_3;Y20K2:Ka4)s and AR,y fibril formation. only at 100 pm (ICsp: 10-100 pm),
similar to that reported by Fink
Classification® Compd (AB16-37Y20K22K24)4 AB10 and co-workers.®” In our hands
'Cso lam] 1o luw] both a-lipoic acid and dopamine
very strong basic blue 41 036 1'4[3;;] can be classified as weak or non-
cureumin 035 gt inhibitors  of  (AB1s.sYa0KoaKos)s
methyl yellow 0.34 1.58Y and AB,_y, fibril formation.
myricetin 0.25 0.2954 To assess the quality (preci-
ton . o sion) and suitability of the fibril
’ ’ inhibitor assay for HTS, the Z
strong chlorazol black E 0.9 0.38" factor was determined for the
hemin chloride 1.8 0.1°7 system with and without inhibi-
0'4[322] tor in 96-well plates (Figure 6).
:\ilfernl:Jicin :i 2:;211 Assays with a Z' factor value be-
650! tween 0.5 and the maximum
value of 1 are suitable for HTS.
medium cholyl-LVFFA 10 <5i]9][37] Using the inhibitor curcumin at
tetracycline » 0 100 um and our fibril model at
weak 2-amino-4-chlorophenol 100 30l 38! 5 um, the Z' factor was calculat-
4,4'-dihydroxybenzophenone 100 ND ed as previously described.*?
non-inhibitors a-lipoic acid >100 3.269 The Z factor for the assay re-
< 1009 ported herein is 0.84 +0.03, con-
B-cyclodextrin ~100 ND firming that it is suitable for HTS.
camphorsulfonic acid >100 ND We also studied how much
dopamine >100 0'01[41]’[4” DMSO the assay tolerates. At
18:188[@ 10% DMSO the fluorescence in-
nicotine >100 100002 tensity decreases about 50%.
> 504 However, this still results in a
pyridine >100 >100000% large dynamic range between
[a] Compounds are classified according to their inhibitory effect on the system (ABi4_3,Y20K5:Kz4)s. [b] Deter- positive and negative com-
mined in a study of AB,_, (220 pm). [c] [AB; 4,1 =7 um. [d] Determined in this study. [e] [AB; 4] =230 pm. [f] De- pounds, enabling the discrimina-
termined in a CD study of AP, 4, (50 um). ND =not determined. tion of hits. The signal stability is
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Figure 4. Kinetics data from non-inhibitors of (Af;_s,Y0K22Kz4)4 fibril formation: a) pyridine (m), nicotine (0), f-cyclodextrin (a), and camphorsulfonic acid (¢);
b) a-lipoic acid; c) dopamine. Studies were performed as described in Figure 3, and respective inhibitor concentrations (um) are indicated next to each curve.
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Figure 6. Determination of the Z' factor value for the fibril inhibitor screen-
ing tool. In each of three individual 96-well plates, 12 controls with no inhib-
itor and 12 controls with curcumin (100 um) were used for estimating the Z'
value. The assays were performed as described in Figure 3. Here we show
the results from one of the plates: the data at top represent the controls
with no inhibitor and the data at bottom represent the controls with curcu-
min; the mean fluorescence values are 1496 +67 and 148 + 14 au, respec-
tively. See the Supporting Information for details from all three plates.

also good: after 24 hours there was no notable change in
signal intensity of uninhibited or inhibited samples.
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Discussion

The aggregation and formation of fibrils from A is widely ac-
cepted to be a key factor in the development of Alzheimer’s
disease (AD). However, neither the cytotoxic mechanisms nor
which aggregation state of AP exerts toxicity are well under-
stood. The toxicity may come from unstructured assemblies
during the nucleation phase, fibrils, amyloid, or combinations
of these. Consequently, an important therapeutic approach in
the prevention and control of AD are compounds that inhibit
AP aggregation.

Herein we present a tool based on A for high-throughput
screening of amyloid inhibitor compounds. We show that the
engineered fibril building block, (APie.37Y20K2:Kz4)s is highly
sensitive to a broad range of reported inhibitor molecules of
A fibril formation. This screening tool shows a number of ad-
vantages over native AP, for invitro studies. These include
fast controllable kinetics, no uncontrolled aggregation of stock
peptide (as is the case for AP;_4), highly reproducible data,
and good signal stability, with a Z’' factor of 0.84+0.03, con-
firming its suitability for HTS.*¥ Our system is easy to handle:
to a solution of (AB4_3;Y20K2Kz4)4 and ThT reporter we just add
potential inhibitor molecules and then start the formation of fi-
brils by adding HPO,?". Using 96-well microplates, a total
volume of 70 pL was used in each study, and the concentration
of the (APie37Y20K2:Koa)s assembly was only 4 um; concentra-
tions of AB,_, between 50 and 230 um are commonly required
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for in vitro screening studies. ! The kinetics were moni-
tored by following the change in fluorescence of ThT-fibril in-
teractions in real time, data were collected at 1-min intervals,
and all kinetics were complete within one hour, as compared
with AP, Which can take days under the same conditions.
An additional advantage of the (APis.3;Y20K»K,4)s assembly is
the improvement in the ThT fluorescence signal-to-noise ratio,
which is easily observed by comparing Figure 2a with Fig-
ure 2¢. In Figure 2a we observe 4 uMm (AP;s37Y20KoK,4)4 With a
fluorescence maximum (F,,,,) of 650 arbitrary units (au), and in
Figure 2c we observe 2 um AP, with F,,=20au, yet ThT
was present at 10 um in both cases, and identical instrumenta-
tion was used. We expect this difference to be due to the high
solubility of (AP1s37Y20K22K24)4 but could also result from differ-
ences in the number of binding sites or in the quantum yield
of fluorescence.

The aim of these studies was to prove our system as a rapid
screening tool of AB inhibitors. We studied 19 different com-
pounds composed of well-known inhibitors of A aggregation
as well as non-inhibitors. All the compounds tested showed a
high degree of correlation with in vitro inhibition studies of
APB;_4 and inhibited the aggregation of (AB;¢_37Y20K2Ko), in @
dose-dependent fashion. From the group of compounds we
classified as very strong inhibitors, myricetin was the strongest,
with an IC;, value of 0.25 um. This is followed by thionin,
methyl yellow, curcumin, and basic blue 41, all with 1Cs, values
below 0.4 um. The natural products myricetin, a wine-related
polyphenol, and the yellow curry pigment curcumin are also
potent antioxidants, making them highly interesting as drug
candidates as well as lead molecules for the development of
drugs against AD.

Compounds we classified as strong inhibitors are, with the
strongest compound first, chlorazol black E (IC;,=0.9 pum),
NDGA (ICs,=1.2 um), rifampicin  (IC;o=1.4 um), and hemin
chloride (IC5,=1.8 um). The ICs, values obtained with (AP,
37Y20K2,K54), are all in good agreement with the respective in vi-
tro values obtained with studies on A, This group of im-
portant inhibitors includes the natural product NDGA, which is
isolated from the creosote bush, Larrea tridentata,*” and is a
potent oxygen radical scavenger.*® Also in this group, rifampi-
cin is a semisynthetic antibiotic and its mechanism of inhibi-
tion of AP toxicity is suggested to involve the scavenging of
hydroxyl radicals®® and/or binding to AP through hydrophobic
interactions, thus inhibiting its aggregation.'*”

The groups of medium and weak inhibitors include the
modified AB fragment cholyl-LVFFA, the inhibitor tetracycline,
2-amino-4-chlorophenol, and 4,4’-dihydroxybenzophenone. For
our system these inhibitors show IC, values that lie between
10 and 100 pm, similar to the values obtained from Ap;_4.
Cholyl-LVFFA is a so-called B-sheet breaker peptide and is dif-
ferent from the other compounds tested, as it uses the impor-
tant recognition sequence, LVFFA, of AP to bind to the grow-
ing fibrils, and the bulky cholyl group disrupts and dissociates
them.”??

The validity of our system was also tested by using com-
pounds reported to have small effects on AP fibril formation.
We first tested dopamine, nicotine, and pyridine, which have

[32,39-42
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been reported to have ICs, values of about 100 pm, 10 mwm,
and > 100 mwm, respectively, for native Af. The corresponding
ICs, values obtained from (Afis.5,Y20K5,Kz4), Were all in good
correlation with those previously reported, giving ICs, values
> 100 pm. Our results with dopamine are thus in good agree-
ment to those reported by the research group of Fink*" and
our current control study with AB,_4. In contrast to these re-
sults, Yamada and co-workers™” recently reported an IC,, value
of 0.01 um for dopamine under similar experimental conditions
as those presented herein. The only experimental difference is
the pretreatment and storage of AP,_4: Whereas the Yamada'’s
research group dissolved the peptide in 0.02% ammonia solu-
tion and stored it at —80°C, we pretreated AP,_, with hexa-
fluoroisopropanol (HFIP), resolubilized the lyophilized product
in distilled water, removed eventual aggregates by centrifuga-
tion, and stored it at —20°C. Notably, Fink and co-workers
studied a higher concentration of AP, (230 um) in Tris
(25 mm) and NaCl (100 mm) at pH 7.4, as compared with our
studies and those of the Yamada research group, with Af;_4
(50 um) in HPO,*~ (50 mm) and NaCl (100 mm) at pH 7.4. There-
fore, an explanation for this discrepancy should not be due to
different experimental conditions, as we used the same as
those reported by Yamada and co-workers. Instead, it may be,
as indicated by Fink, that an oxidative product or products of
dopamine, formed at pH >5, were found to be more active
for inhibition of fibril formation of a-synuclein.*" It should be
noted that the degradation of compounds in our HTS assay is
kept to a minimum owing to the fast kinetics that are per-
formed at room temperature.

Thereafter we tested the nonaromatic compounds B-cyclo-
dextrin and camphorsulfonic acid; aromatic structure is com-
monly found in Af} aggregation inhibitors. Both of these com-
pounds showed ICs, values >100 pm as was expected. Inter-
estingly, the compound B-cyclodextrin has previously been
shown to diminish the neurotoxic effects of an AP,_4 cell line,
but any destabilization effect on AB,_, fibril formation has not
been demonstrated."*®

The only compound that did not show a corresponding in-
hibitory profile against (ABis.3;Y20K2.K24)s @s reported against
AB,_4 fibril formation is the nonaromatic lipid-soluble antioxi-
dant a-lipoic acid, for which Yamada and co-workers recently
published an ICs, value of 3.2 um.? In our studies we found
that o-lipoic acid is a non-inhibitor against (AP;s.37Y20K55Kz4)4
Under identical experimental conditions as those reported by
the Yamada group, we studied the inhibition of A,_, fibril for-
mation with a-lipoic acid, and we did not observe inhibition as
previously reported. In our studies of AP,_4, fibril inhibition we
observed fibril formation at all concentrations of a-lipoic acid
studied, thus giving an ICs, value > 100 um, as is the case for
the (AP1e-37Y20K2:Kz4)4 System. An explanation for this discrepan-
cy may be, as suggested above for dopamine, that degrada-
tion products of a-lipoic acid could be more active for inhibi-
tion of fibril formation. Therefore, the inhibition studies pre-
sented herein demonstrate that fibril formation with the engi-
neered building block (AP;s_s,Y-0K2K,4)4 behaves identically to
AB1_4 fibril formation.
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Is our system relevant for the study of Ap fibril inhibitors?

The formation of fibrils with (AP;s.3,Y20K5K,4)s OCcurs only
through hydrophobic (side-chain) and backbone hydrogen
bonding (cross-B-sheet) interactions. Both of these interactions
direct the growth and create highly stable fibrils. The A se-
quence in our engineered fibril building block was reduced to
residues 16-37 of the full-length AP peptide, and thus contains
only the highly ordered B-strand segments of AB (Figure 1).'"
An important attribute of the residue 16-37 sequence is that it
retains the intra-peptide antiparallel -sheet as well as the par-
allel inter-peptide B-sheet interactions, which shorter peptides
lack. As the (APie.37Y20K2:Kz4)s construct contains only the (-
sheet-forming segment of AB, the ability to stop fibril forma-
tion or to destabilize this region could only be performed with
potential AB inhibitor drugs.

The segment AB,_;s was previously determined to be an un-
structured region in the folded AP fibril and is thus not impor-
tant for its stability,™® which is also the reason we deleted it
from our fibril building block. On the other hand, the segment
ABi_;s may have implications for the initial formation of fibrils,
and drugs that target this segment would therefore have po-
tential in the prevention of AD. However, such a strategy of
targeting molecules to this segment seems highly unpractical,
as it implies that at an early stage, patients would likely be
continuously exposed to relatively high concentrations of the
drug. In principle, such a drug would increase the lag phase of
fibril formation. Furthermore, if fibrils are present or formed,
drugs that target this unstructured region of A} would have
little effect on the continued growth of the fibrils.

The segment containing residues 25-35 of AP has been
widely studied owing to its similar biological behavior to
native AB. The fragment AP,_;s is able to form fibrils and
shows neurotoxicity in many studies."®*” Also, an ICs, value of
10 um was determined from inhibition studies of fibril forma-
tion with curcumin; this inhibition is about 10-fold weaker
than found for AB,_,,."" As the segment Af,s_;s is conserved in
our model fibril building block together with the structural fea-
tures described above, we believe our system contains all the
important residues of AP fibril stability and thus serves as a
good model for inhibitor screening.

There are a number of mechanisms that may cause de-
creased fluorescence of the reporter molecule ThT in inhibition
studies of amyloid fibrils without affecting fibril structure,
which are rarely discussed. One mechanism is quenching of
ThT fluorescence. To avoid quenching, many researchers per-
form fluorescence measurements on highly diluted samples of
the fibril-forming mixture. This is misleading, as quenching by
energy transfer is distance dependant; usually a distance less
than 6 nm (Forster radius) is required for notable quenching in-
teractions between two compounds. Other quenching interac-
tions require even shorter distances between probe and
quencher. Indeed, unbound ThT is not observed in the fluores-
cence study, and thus dilution of the reaction mixture will not
affect the quenching of fibril-bound inhibitor to fibril-bound
ThT. In other words, only compounds that bind to fibrils can
quench fibril-bound ThT, which is the probe studied.
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Another mechanism of decreased fluorescence may be com-
petitive binding to the fibrils between ThT and the compounds
studied. In any case, if it is quenching, competitive binding, or
fibril inhibition that decreases ThT fluorescence, all these
mechanisms indicate binding of the compound to the fibril
and are thus potential leads for the development of drugs
against AD-associated fibril formation, as well as diagnostic
compounds. For these reasons, the HTS system presented
herein, as for other fluorescence-based systems, is intended
primarily for inhibitor screening. Hits will therefore require fur-
ther complementary in vitro and in vivo analysis. A method to
discriminate between true and false hits is to perform micro-
scopy on the hit samples, such as AFM or TEM.

The fluorescence of the reporter ThT can be decreased, with-
out interaction of another compound with the fibril, through
filter effects at the excitation or emission wavelengths. This
could occur when the compounds have strong absorbencies
at these wavelengths. To examine if this was possible with the
compounds in our library, we analyzed their UV/Vis spectra.
From this analysis we found that only curcumin, methyl yellow,
chlorazol black E, and rifampicin have absorbencies near one
or both of the excitation/emission wavelengths. For these four
compounds we expect that, to some degree, the fluorescence
decrease observed at high compound concentration is due to
an absorbency filtration effect. However, the possibility that
the decrease in fluorescence is entirely due to this effect can
be excluded, as a strong decrease in fluorescence is still ob-
served at very low compound concentrations, such as 1 um, at
which any filtration effect is negligible.

Speculating on the throughput potential of this system, we
expect that in the environment of HTS, thousands of com-
pounds could be screened per day. As the end fluorescence
values are the most relevant data, only one measurement per
plate is required. In other words, the plate would be screened
one hour after its preparation. As a measurement takes less
than one minute for a 96-well plate, many plates could be
measured in a single day.

Conclusions

The simplicity of this assay system and its rapid folding kinetics
makes it highly interesting to screen large numbers of com-
pounds to generate novel hits for AP fibril formation inhibi-
tors; this is currently underway in our laboratory. The simplicity
lies in the fact that our HTS tool produces data that are easily
interpreted, as the assay has a high Z' factor of 0.84 4 0.03. Dif-
ficulties encountered in screening for inhibitors of native AP
are: poor signal-to-noise ratio, slow folding kinetics, and the
fact that the kinetics of the same sample studied in different
wells often show different lag phases and end fluorescence
values. Together, these problems have been hurdles for HTS re-
searchers. For comparison, we studied our system with a
broad range of reported inhibitors and non-inhibitors, and
found good correlation to previously reported results with in
vitro inhibition studies on native AP. For these reasons, we
expect that this screening tool will be highly advantageous for
the rapid search of AB fibril inhibitors.
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Experimental Section
Materials

Synthetic  (APie.37Y20K»K,4)s Was prepared as
scribed.” Cholyl-LVFFA was prepared as previously described.
All inhibitor compounds were purchased from Sigma except myri-
cetin, which was obtained from Fluka. All other reagents were of
the highest analytical grade available.

previously de-
29]

Preparation of Af,_4

AP was synthesized on an Applied Biosystems 433A peptide
synthesizer using an Fmoc-Val-Novasyn-TGA resin (Novabiochem)
with a substitution level of 0.24 mmol. Amino acids were coupled
at a 10-fold excess under HBTU/DIPEA activation (HBTU =O-(ben-
zotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate,
DIPEA = N,N-diisopropylethylamine). Coupling times of 60 min
were used, and difficult residues were double coupled. Deprotec-
tion and cleavage from the resin was carried out with a mixture of
TFA/TIS/H,O/EDT (94:2:2:2 v/v), 15 mL(g resin)~', with occasional
swirling for 2 h (TFA=trifluoroacetic acid, TIS=triisopropylsilane,
EDT = 1,2-ethanedithiol). After filtration and reduction of the TFA
by N, bubbling, the peptide was precipitated and washed three
times with cold Et,0. Purification was performed by reversed-
phase HPLC on a semi-preparative C5 Discovery Wide Pore (Su-
pelco) with a gradient of 9—90% CH;CN over 30 min, with 0.1%
TFA and a flow rate of 6 mLmin~". The retention time of AB,_, was
14 min. The purity was >95% by analytical RP HPLC. The identity
was verified by ESMS: the calculated weight for AB,_,, is 4328 Da;
found 4328.8 Da [M+H]". AP, was lyophilized and stored at
—20°C.

Preparation of Af,_,, peptide stock solution

For aggregation assays, a stock solution of AP, was prepared as
follows: 2.7 mg was dissolved in 200 pL of 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) to disassemble preformed aggregates, and there-
after it was lyophilized. Pure H,0 was then added, and the solution
was centrifuged at 12000 g to remove eventual aggregates. The
stock solution was divided into portions and stored at —20°C until
use. The stock concentration of AB,_,, was regarded as 500 um.

Preparation of (Af,s_3,Y20K22K,4), peptide stock solutions

For aggregation assays, a stock solution of (Af;s_3;Y20K»Kz4)s Was
prepared as follows: 0.24 mg was dissolved in 150 uL HFIP/H,O
(1:1) and lyophilized. Thereafter the peptide was dissolved in pure
H,O (1.2 mL). Stock peptide concentrations were determined spec-
trophotometrically using an extinction coefficient of 9160 cm ™' m™"
at 1 =280 nm.”® The stock concentration of (ABis3,Y20K»,K>4)s Was
20 pm, and storage was at —20 °C until use.

Preparation of inhibitor stock solutions

Inhibitors were dissolved in EtOH if possible; hemin chloride was
dissolved in MeOH, otherwise DMSO was used. Stock solutions of
10 mm were first prepared, and thereafter they were diluted into
EtOH/H,O (1:1) or DMSO/H,0 (1:1) with the following concentra-
tions: 5000, 500, 50, 5, and 0.5 um. Final concentrations of EtOH or
DMSO in inhibition studies were 1%. Dopamine and a-lipoic acid
were dissolved with DMSO for the inhibition studies with AB;_4.
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Measurement of Ap,_,, aggregation

Aggregation of AB,_,, was performed in 96-well black polypropy-
lene microplates (Geriner). To each well an aliquot of the peptide
stock solution was mixed into the aggregation buffer to give a
final composition of AP, (50 um), sodium phosphate (50 mm),
and NaCl (100 mm) pH 7.4. Thereafter 2-pL aliquots of the inhibi-
tors were added. Microplates were sealed with a plastic sheet and
incubated in a Molecular Devices Spectra MAX Gemini XS micro-
plate reader at 37°C. Data were obtained from 4-uL aliquots that
were removed from the aggregation mixture and analyzed sepa-
rately with 96 uL of a solution of ThT (10 um) and HPO,*~ (50 mm)
pH 7.1. Kinetics of aggregation were monitored in an PerkinElmer
Luminescence Spectrometer LS50 by following the increase in ThT
fluorescence using a 0.3-cm reduced quartz cuvette with excitation
at 440 nm and collecting data from 460 to 600 nm. Slits for excita-
tion and emission were 2.5 and 10 nm, respectively. Kinetic data of
APB_4 Were fitted with the stretched exponential function:

Fi=F —AF

for which F, is the fluorescence at time t, F is the fluorescence
after complete fibril formation, AF is the difference in fluorescence
between t, and t_, k is the rate constant, and values greater than 1
for the parameter n indicate a sigmoidal transition with an initial
lag phase.*?

Measurement of (A;s_3,Y,0K,2Kz4)4 aggregation

ThT was added to the stock solution of (AB4_s;Y20K5:Ko)s- Aliquots
(48.6 uL) of the (AP16.37Y20K2Ko0) 4/ ThT mixture were put into the re-
quired wells of 96-well black polypropylene microplates. Inhibitors
were then added (1.4 pL), and the solution in each well was mixed
with the addition of 20 uL stock phosphate buffer solution
(17.5 mm) to give a total volume of 70 pL. The final concentrations
obtained were 4uM (ABie37Y20KKo4)e 10 uM ThT, and 5 mm
HPO,* . The concentrations of studied inhibitors were 0, 0.01, 0.1,
1, 10, and 100 um. Microplates were analyzed in a Molecular Devi-
ces Spectra MAX Gemini XS microplate spectrophotometer at am-
bient temperatures. Measurements of ThT binding were started im-
mediately by recording the fluorescence at 1-min intervals using
band-pass filters of 440 nm for excitation, 480 nm for emission,
and a cut-off filter of 455 nm. In this procedure ThT fluorescence is
measured throughout the assembly process in real time. The ICs,
values were calculated from the fluorescence values obtained at
the end of the kinetics studies, that is, the value at 60 min. These
values were then plotted against the log of the inhibitor concen-
tration. Fitting the data with a sigmoidal function in IgorPro soft-
ware (WaveMetrics), the 1Cs, was obtained at the fluorescence half-
way point.

Evaluation of the HTS tool

The (AP1e_37Y20K22K,4)4-based assay was evaluated for its Z' factor ac-
cording to Zhang et al*” under the same conditions used for the
aggregation measurement of (AB;4_3;Y20K2,Kz4)4 This involved three
distinct 96-well plates, each containing 12 positive wells in the
presence of the inhibitor curcumin (100 um) and 12 control wells
in the absence of inhibitors. DMSO was used in this study at a con-
centration of 1%.
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