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ABSTRACT. Gaining insight into the mechanism of amyloid fibril formation, the hallmark of multiple
degenerative syndromes of unrelated origin, and exploring novel directions of inhibition are crucial for
preventing disease development. Specific interactions between aromatic moieties were suggested to have
a key role in the recognition and self-assembly processes leading to the formation of amyloid fibrils by
several amyloidogenic polypeptides, including ffvamyloid polypeptide associated with Alzheimer’s
disease. Our finding of the high-affinity molecular recognition and intense amyloidogenic potential of
tryptophan-containing peptide fragments led to the hypothesis that screening for indole derivatives might
lead to the identification of potential inhibitors of amyloid formation. Such inhibitors could mediate specific
recognition processes without allowing further growth of the well-ordered amyloid chain. Using fluorescence
spectroscopy, atomic force microscopy, and electron microscopy to screen 29 indole derivatives, we
identified three potent inhibitors: indole-3-carbinol (I3C), 3-hydroxyindole (3HI), and 4-hydroxyindole
(4H1). The latter, a simple low-molecular weight aromatic compound, was the most effective, completely
abrogating not only the formation of aggregated structures BybAt also the cytotoxic activity of
aggregated A toward cultured cells. The results of this study provide further experimental support for
the paradigm of amyloid inhibition by heteroaromatic interaction and point to indole derivatives as a
simple molecular platform for the development of novel fibrillization inhibitors.

Alzheimer's disease (ADY,the most common cause of intermediates are the key agents in the cytotoxic effect
age-related dementia affecting20 million persons world-  causing neuronal death and consequent dementia suggests
wide (1), is characterized by an extracellular accumulation that a major effort should be directed toward inhibiting
of -amyloid peptide (4) in plaques composed mainly of amyloid formation at very early stages. Therefore, agents
the 42-amino acid polypeptide form and an intracellular that target the basic molecular recognition process preceding
appearance of neurofibrillary tangles3). Although several ~ the formation of early intermediates would be the most
biochemical and genetic studies have previously suggestedvaluable.
that the formation of amyloid fibrils by A protein has a Peptide array analysis revealed that a peptide fragment of
central role in the pathogenesis of AD, the mechanism by Af as short as a pentapeptide, KLVFF, specifically binds to
which amyloid fibrils cause neuronal damage in vivo is not the full-length A3 polypeptide 20). The formation of well-
yet fully clear @). In recent years, findings that early ordered amyloid fibrils from a seven-amino acid fragment
intermediates leading to the formation of amyloid fibrils are of A3, KLVFFAE, has also been demonstrated); Other
the most toxic assemblies are increasingly appreciated.studies have shown that QKLVFES), LVFFA (22), LPFFD
Although early studies assumed that the insoluble large (23), and FFVLK @4) peptides are potent inhibitors of3A
fibrillar aggregates of amyloid polypeptides are the cytotoxic fibril formation. Taken together, these findings suggest that
agents $—7), the results of more recent studies suggest that the pair of the aromatic phenylalanine residues probably
the most cytotoxic forms of amyloid proteins are the soluble mediate the binding of the short peptide to the full-length
oligomeric forms 8—19). The notion that the early, soluble Ap polypeptide.

Several other studies have also suggested that aromatic
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transmission electron microscopy. addition, when aromatic moieties were replaced with other
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hydrophobic amino acids, a decrease in the amyloidogenicEXPERIMENTAL PROCEDURES
propensity was observed. These studies suggest a key role
for aromatic moieties in many cases of amyloid formation
(21, 25, 30—35). Recent studies using solid-state NMB&)
and X-ray and electron diffraction37) provided high-
resolution structural information about the role of aromatic
interactions. The latter study is especially intriguing from
this point of view as it provided information about the
organization of aromatic moieties at the fibrillar form in
atomic resolution. Additionally, theoretical studies, including
a free-model analysis of a large set of amyloidogenic
peptides, as well as molecular dynamic simulation, provide
clear evidence for the importance of aromatic interactions

in many cases of amyloid fibrillization38—43). Another indole-5-carboxvli id._indole-3-carboxvli id. indol

recent study scored the amyloidogenic propensity of phenyl- "d0€-2-Carboxylic acid, Indoie-s-carboxylic acid, indole-
alanine and tryptophan to be 3 times higher than that of 2-carboxylic acid, 2-indolinone, 3-hydroxyindole, 4-hydroxy-
isoleucine and 6 times higher than that of validd)( Very indole, 5-hydroxyindole, Fmoo-Trp, Boci-Trp-OH, CBZ-

intriguingly, the aliphatic alanine and leucine were found to D-tryptophanamide, CBZ-tryptophanamidet -5-hydroxy-

. . . . tryptophanp-tryptophany-Tryptophan, indole-3-propionic
have negative propensity for amyloid formation. acid, indole-3-ethanol, indole,dNBocD-Trp, No-BocA.-Trp,

In earlier studies, we demonstrated that modulating the 3ng Fmoc-Trp-OH. The indole derivatives were dissolved
aromatic nature of the islet amyloid polypeptide (IAPP) 3 DMSO to a concentration of 20 mM and then diluted with
recognition motif significantly affects its amyloidogenic 10 mm PBS buffer [L00 mM NaCl and 0.5 mM EDTA (pH
potential @5, 46). The substitution of the central phenyl- 7 4)] to a final concentration of 100M [containing 0.5%
alanine with tyrosine completely inhibited its amyloid (viv) DMSO].
formation @5). On the other hand, the modification of  ThT Binding Fluorescences 10 uM Ag solution (either
phenylalanine to tryptophan resulted in a fast and efficient o140 or A81-42) was immediately mixed with the
self-association process of assemblies that differed from thatingole derivative stock solutions (1Q@M) to a final A8
of typical amyloid fibrils in their morphology4®). This result - concentration of M and various indole derivative con-
is in contrast to hydrophobic analogues that show very little centrations. The samples were incubated atG7and the
if any aggregative behavioAg). A molecular recognition  fiprillogenesis rate was monitored using ThT fluorescence
assay using peptide array analysis provided further insight analysis. The respective excitation and emission wavelengths
into the system, suggesting that molecular recognition were 450 nm (2.5 nm slit) and 480 nm (5 nm slit). A 10-
between hIAPP and its core amyloidogenic module is medi- fg|d diluted sample was taken and mixed with 90 of
ated by aromatic rather than by hydrophobic interactidfs (0.4 4M ThT. The fluorescence of ThT was measured using
Although no recognition occurred between the full-length 3 jobin Yvon Horiba Fluoromax 3 fluorimeter. Each experi-
IAPP polypeptide and any phenylalanine to hydrophobic ment was repeated in quadruplicate.
analogues, binding did occur with all three peptides contain-  gjyorescence PolarizatiodHI was dissolved in dimethyl
ing natural aromatic analogues (the wild-type phenylalanine, g ifoxide (DMSO) to a concentration of 50 nM and sonicated
tyrosine, or tryptophan). Binding to the tryptophan analogue for 5 min. The solution was immediately mixed with
was by far stronger than binding to the phenylalanine and jncreasingly larger aliquots of anfa—42 stock solution (20
tyrosine peptides4®). Moreover, it was recently reported uM) to varying final polypeptide concentrations. 4HI po-
that two indole derivatives, melatonin and indole-3-propionic |arization measurements were carried out using an 1SS K2
acid (IPA), inhibit the formation of amyloid fibrils by A fluorometer. The solutions were exited at 280 nm, and
These compounds also have an antioxidant activity that mayemjssion was monitored at 350 nm. For each single point,
protect neurons from Adamage 47, 48). The mechanism 4t |east five measurements were collected and their average
by which those three indole derivatives inhibi Aibril values were used for calculation. All experiments were
formation is still unknown, and we cannot exclude the performed in PBS (pH 7.4).
possibility of antioxidant activity. These observations to-  Transmission Electron Microscop#.10 uL sample from
gether with our concept of heteroaromatic interactions as aipe AB1—40 ThT fluorescence assay was placed on a 400
direction for the inhibition of amyloid formation led us to  ,egh copper grid covered by carbon-stabilized Formvar film
examine tryptophan and indole analogues. We envisioned(sp| Supplies, West Chester, PA). After the mixture was
that indole derivatives could provide a novel direction toward gjjowed to stand for 1.5 min, excess fluid was removed and
identifying potential inhibitors that would not only allow pe grids were negatively stained for 2 min with 40 of a
high-affinity interaction at the very early stage of amyloid 294 yranyl acetate solution. Excess fluid was removed, and
formation but also inhibit the further growth of typical the samples were viewed using a JEOL 1200EX electron
amyloid fibrils. microscope operating at 80 kV.

In this work, we screened 29 indole derivatives for their ~ Atomic Force MicroscopyA 60 uL sample from the
ability to prevent the & polypeptide from forming amyloid ~ AS1-40 ThT fluorescence assay was taken for AFM
fibrils. Comparing such a diverse group of indole derivatives measurement at three different time points correlating to the
provided novel insight into the structural rules that direct amyloidogenic kinetic curve. The sample was centrifuged
the inhibition process. for 1.5 min at 13 000 rpm, and 4@L of the supernatant

AB and Indole Deriative SolutionsSynthetic lyophilized
ApB1—40 or A31—-42 (Bachem, Bubendorf, Switzerland) was
dissolved in dimethyl sulfoxide (DMSO) to a concentration
of 100 uM and sonicated for 1 min to prevent pre-
aggregation. & solutions were prepared by immediate
dilution with 10 mM phosphate-buffered saline [100 mM
NaCl and 0.5 mM EDTA (pH 7.4)] to a final concentration
of 10 uM [containing 10% (v/v) DMSOQO].

The following indole derivatives were supplied by Sigma-
Aldrich Inc.: indole-3-carbynol, tryptamine, 5-nitroindole,
7-methylindole, 5-methylindole, 3-methylindole, indole-
butyric acid, indole-3-acetic acid, indole-6-carboxylic acid,
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Ficure 1: Structures of the most effective inhibitors identified in § -
our screen: (A) indole-3-carbinol (I3C), (B) 3-hydroxyindole (3HI), T 20
and (C) 4-hydroxyindole (4HI).
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was removed. The remaining 2. droplet of the solution

was resuspended and deposited onto freshly cleaved mica

for 1.5 min. The substrate was washed with 180 of e 2 e were added at different concentrations to a

it i enesis.

double-distilled HO to reduce background and to eliminate ?ixed amount of 5uM AB1—42. After incubation for 24 h at 37

salts and buffer contaminants, and the mica samples Were:c ThT fluorescence was monitored at an emission wavelength of

dried at room temperature. At least four regions of the mica 480 nm (excitation at 450 nm). Samples contained different

surface were examined to ensure that similar structuresconcentrations of 1I3C«), 3HI (), and 4HI @).

existed throughout the sample. AFM images were obtained

using a Veeco NanoScope IV MultiMode AFM (Digital formation (Figure 2). The fibrillization of £1—42, with and

Instruments, Santa Barbara, CA) in tapping mode. Measure-without inhibitors, was assessed using the ThT fluorescence

ments were performed at a resonance frequency3#1.4 assay at a fixed incubation time of 24 h. The 3HI and 4HI

kHz. compounds clearly showed a pattern of dose-dependent
Cell Culture.The PC12 pheochromocytoma cell line was inhibition. I3C inhibited the fibrillization of A81—42 only

routinely grown in Dulbecco’s modified Eagle’s medium at high concentrations and showed no dose dependency. The

(DMEM) supplemented with 8% (v/v) fetal calf serum, 8% 1Cso of each inhibitor was calculated by the curve equation,

(v/v) horse serum, 100 units/mL penicillin, 100 units/mL and apparent 1§ values of~85, ~100, and 20Q:M were

streptomycin, and 2 mM-glutamine (Biological Industries).  determined for 4HI, 3HI, and I3C, respectively.

Inhibitor concentration (uM)

The cells were maintained at 37C in a humidified We conducted a control experiment to rule out the
atmosphere containing 5% GO possibility that the low values in the ThT fluorescence assay
Cell Cytotoxicity AssayPC-12 cells (3x 1 cells/mL) might result from a quenching effect by the inhibitor.
were cultured in 96-well microplates (1Q@L/well) and Different concentrations of the three inhibitors were added

incubated overnight at 37C. The wells were washed once to form A51—42 fibrils, and fluorescence was immediately
with serum-free DMEM to exclude the effect of the serum. measured. No significant quenching effect was observed
To each well was added 104 of 5 uM AB1—40 (prepared  (data not shown).

from a 0.5 mM stock solution in 10 mM NaOH) with the Kinetics of A81—40 Fibrillogenesis Inhibition. After
inhibitors at various concentrations. Each determination was examining the inhibitory effect of the three inhibitors on the
made in quadruplicate. Following incubation for 24 h at 37 AB1—42 fibrillogenesis at the end point, we studied their

°C, cell viability was evaluated using the MTT assa@§)( effect on the kinetics of fibrillogenesis. To obtain better
Twenty-five microliters of 5 mg/mL MTT dissolved in PBS  temporal resolution, we used?A—40 because it has a slower
was added to each well. After incubatiorr # h at 37°C, fibrillogenesis rate §0), assuming that a slower rate would

100 uL of extraction buffer [20% SDS dissolved in 50% allow more significant inhibition and a better understanding
dimethylformamide and a 50% DDW solution (pH 4.7)] was  of the effect. The inhibitors were added at concentrations of
added to each well, and the plates were incubated agains, 25, and 5:M to a solution containing &M A/31—40,
overnight at 37°C. Finally, color intensity was measured and the inhibition of the kinetics of AL—40 fibrillogenesis
using an ELISA reader at 570 nm. was assessed (Figure 3).
RESULTS _The_ ThT fluorescence curve exhibited a characteristi_c
sigmoid shape representing three phases: the nucleation
Compounds Inhibiting Amyloid Aggregatiofhe inhibi- phase (lag phase), the polymerization phase, and the equi-
tion potential of 29 different analogues was determined using librium phase (stationary phase). The samples containing 25
the ThT fluorescence assay to measure the amount ofand 50uM 4HI showed a significantly longer nucleation
amyloid fibrils after the addition of a fixed concentration of phase, which persisted for the duration of the measurements
each compound. From the derivatives that were tested,(Figure 3). In the sample containing/®1 4Hl, the effect
the screen revealed three compounds that significantly on the nucleation phase was less significant. The samples
inhibited the aggregation of A1—42: indole-3-carbinol  containing 3HI and I3C had no effect on the nucleation phase
(13C), 3-hydroxyindole (3HI), and 4-hydroxyindole (4HI) when compared with the control (Figure 3).
(Figure 1). Interestingly, the unmodified indole did not inhibit All three compounds were inhibitory in the polymerization
the aggregation of A1—42. Other compounds, including phase, and all changed the slope of the curve, but with
3-methylindole, indole-3-ethanol, indole-3-propionic acid, different magnitudes. I3C had an effect on the slope of the
and 5-hydroxyindole, also showed no significant inhibition. growth curve only at 5«M and had no effect at lower
Concentration Dependence of Indole Inhibitoi® ex- concentrations. 3HI exhibited a dose-dependent effect, in
amine the inhibition efficiency of the three inhibitors, we which the slope of the growth curve changed in parallel with
studied the concentration dependence of inhibition of fibril increasing concentrations of 3HI. The slope of the samples
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Time (hr) FiIGURE 4: Kinetics of A31—40 fibrillogenesis. Inhibitors were
Ficure 3: Kinetics of A31—40 fibrillogenesis. Inhibitors were  added to a fixed concentration of &M ApB1-40 when the
added to a fixed concentration ofd1 A51—40. Three concentra-  fibrillogeneses had already started. Three concentrations of inhibi-
tions of inhibitors were used: @A{, 25 @), and 50uM (s*). The tors were used: 54), 25 @), and 50uM (x). The kinetics of
kinetics of fibril aggregation were measured for 14 days using the fibril aggregation were measured for 14 days using the ThT
ThT fluorescence assay on incubated samples containing 4HI (A), fluorescence assay on incubated samples containing 4HI (A), 3HI
3HI (B), and I13C (C). The wild-type sample)served as a control (B), and I13C (C). In the control sampl®), no inhibitor was added.
to which no inhibitor was added.

0.6

containing 5uM 4HI was sharper than that of the control or 05 |
of other inhibitors. : ’

Differences in the level of ThT fluorescence at equilibrium 2 04 -
are influenced by the ability of the inhibitor to redirect the -E
Ap away from the polymerization pathway. At the final 208
equilibrium phase at the end point of the experiments, 4HI 02 -
was the most effective inhibitor at all three concentrations.
The inhibition level at 5uM was close to 60% and was 0.1 : : I
almost complete at 25 and 30M. The addition of 25uM 0.01 0.1 1 10 100
3HI led to an inhibition of~40%, which rose to~60% at Ap Concentration (uM)
50 uM. Finally, the addition of 5QuM I3C resulted in a Ficure 5: Fluorescence polarization analysis of the 4K]3
decrease of almost 50%. interaction. Complex formation was monitored via the fluorescence

. L . L . polarization of 4-hydroxyindole upon titration with arfAolution.
To gain further insights with regard to the fibrillogenesis  The concentration of the 4HI was 50 nM. The excitation wavelength
phase in which the inhibitors are effective, we performed was 280 nm, and polarization was monitored at 350 nm.

another kinetic assay. In this assay, the different concentra-

tions of the three indole derivatives were added & Ao end point of the experiments, 4HI was the most effective
samples after the nucleation phase reached completion andnhibitor at all three concentrations. The inhibition level at
the fibrillogenesis had already started. 5 uM was close to 60% and was almost complete at 25 and

All three compounds inhibited the polymerization phase, 50 #M. The addition of 5«M 3HI led to an inhibition of
and all changed the slope of the curve, but with different ~50%, which rose to~70% at 25 or 5QuM. Finally, the
magnitudes. I3C had an effect on the slope of the growth addition of 25 or 5Q«M I3C resulted in a decrease of almost
curve only at 5uM and had no effect at lower concentra- 30%.
tions. The samples containing 25 and/8@ 3HI exhibited Binding Affinity.To determine the affinity of the interac-

a complete block of the polymerization phase. The samplestion between 4HI and A1l—42, we monitored changes in
containing 4HI exhibited not only a slower polymerization the fluorescence polarization values of the indole fluorophore
rate but also a decrease in the ThT measurement atat different 4HI:A3 molar ratios (Figure 5). Half-maximal
equilibrium (Figure 4). At the final equilibrium phase at the binding occurred at an Aconcentration of-3 uM (Figure
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Ficure 6: TEM micrographs of aggregated samples after incubation

for 7 days. The samples were negatively stained using 2% uranyl

acetate. (A) Control sample containinggA-40 in PBS. (B-D)
Samples containing AL—40 in the presence of 26M 4HI (B),

50 uM 3HI (C), or 50uM I3C (D). The scale bar represents 200
nm.

5). Since the concentration of 4HI (50 nM) was significantly
lower than that of /8, at the concentrations at which a large

Biochemistry, Vol. 45, No. 15, 2006731

aggregates deposited on mica following inhibition by different
indole derivatives. AFM samples were taken when ThT fluorescence
indicated that control samples containingglA-40 alone in PBS

had reached the polymerization phase. (A) Control sample. (B
D) Samples containing AL—40 in the presence of 50M 4HI

(B), 50 uM 3HI (C), or 50 uM 13C (D). When the ThT assay
indicated that the control samples had reached the equilibrium phase,
other AFM samples were deposited and imaged.

the control sample but in smaller amounts (Figure 6D). When
TEM analysis was preformed with thepA—42 samples,
aggregates of amyloid fibrils were observed in all EM grids.
AFM analysis of A31—40 samples taken from the kinetic
experiment after the control samples reached the different
fibrillogenesis phase revealed that no sample analyzed
immediately exhibited amyloid fibrils (data not shown).
Examination of the samples after the control samples reached
the polymerization phase showed different levels of amyloid

degree of binding occurred, we can assume that the concenfibril formation. Small amounts of amyloid fibrils in the form

tration of free AG did not differ much from that of the total

of long wires were seen in the control and 13C samples

ApB. Therefore, under these assumptions, we can assume gFigure 7A,D), whereas samples containinglA-40 and 4HI

Kq of ~3 uM to monomeric 8. ThisKq represents an upper
limit for the affinity, due to the fact that if the basic binding
unit is not a monomer but rather a small oligomer, the
apparenty will have a sub-micromolar value.
Ultrastructural Analysis of Aggregatio.o determine the
effect of the inhibitory compounds on the ultrastructural
properties of the assembledsAwe first performed TEM
analysis on samples of(1—40 from the kinetic assay after
incubation for 14 days and on samples ¢f1A-42 from the

showed no fibrils (Figure 7B). 3HI exhibited different fibril
morphology and created small aggregates that interacted with
the amyloid fibrils (Figure 7C).

Inhibition of the Cytotoxic Effect of AmylojglPeptide in
PC12 Cells.We studied the effect of the inhibitors on the
formation of cytotoxic amyloid assemblies by measuring the
toxicity of A on pheochromocytoma cell line cultures
(PC12) in the presence and absence of the three inhibitors.
The inhibitors were mixed with aM A51—40 at different

dose-dependent assay after 24 h. The control samples otoncentrations and the solutions added to the cells at two

ApB1-40 contained abundant amyloid fibrils aggregated in
PBS (Figure 6A), whereas samples containintflA40 and

25 uM 4HI were devoid of fibrils and contained only a very
small amount of small fibrils (Figure 6B). In the samples
containing A31—40 and 5QuM 4HI, almost no fibrils were
observed on the EM grid. The EM grids with 0/ 3HI

time points: immediatelyT = 0) or after incubation for 7
days. Cell viability was determined after 24 h using the MTT
assay. Tha@ = 0 results represent the cytotoxic effect during
the first 24 h of A fibrillogenesis. The control treatment
(cells incubated with only aM A 31—40) survival rate was
~b56% (Figure 8A). Th& = 7 results represent the cytotoxic

had a significant number of amorphous aggregates showingeffect at the end point phase, when large and congested
a congested form that might affect ThT measurements amyloid fibrils were already formed. The control treatment
because of binding (Figure 6C). The I3C sample contained (cells incubated with only &M A$1—40) survival rate in
ApB1-40 aggregates in the same form that was observed inthis assay{74%) was higher than that at time zero (Figure
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100 A DISCUSSION
90 control -D i . i i i
g 13C - g Alzheimer’s disease, like other neurodegenerative diseases,
g % 3HI - g is associated with the formation of amyloid fibrils. Because
2 70 4HI - the mechanism leading to the formation of well-ordered
2 60 fibrils is not fully understood, the rational design of inhibitors
S 50 is a complex task. Despite this information gap, by system-
& atically screening 29 indole derivatives, we identified three
control 5 25 50 5 25 50 5 25 50 small anti-amyloidogenic molecules that were highly effec-
Inhibitor concentration (uM) tive in inhibiting amyloid fibril formation and cytotoxicity
for cultured pheochromocytoma cells, a benign tumor of the
100 B sympathetic nervous system. The relatively high success rate
—~ 9 control -[] reflects the results of prior experimental and theoretical
§ ” 13C - studies revealing the apparent role of aromatic residues in
z 3H - the molecular recognition and self-assembly processes that
g™ 4HI -1 lead to the formation of amyloid fibrils26—46).
3 %0 The results of the study presented here indicate that
50 hydroxyindole derivatives are the most potent inhibitors of
40 L1 H - o . ... amyloid fibril formation by A and its consequent cytotoxic
control 5 25 50 5 25 50 5 25 50 effect. Examining other indole derivatives exhibiting little
Inhibitor concentration (M) or no inhibitory effect is also extremely important for
FiGURE 8: Cell culture assay. The three inhibitors (4HI, 3HI, and understanding the mechanism of inhibition. Careful ex-
I3C) were preincubated at different concentrations witvbA f1— amination of the noninhibitory compounds revealed that

2

8§83

Cell viability (%)
8

||:|Ave 71.05 | 71.19 | 73.29 | 86.17 | 80.24 | 93.46 | 93.23 | 103.37

40 forming a mixture of & and inhibitor. PC12 cells were  jnqole alone does not inhibit the process and requires a
viability was determined using the MTT viability assay after 24 h. ) i L .
The sample mixtures were added at two time points: (A) im- Se€mblies. Only indole derivatives having a hydroxyl group
incubation of the sample mixtures for 7 days. properties.
The hydroxyl group is an electron donor, and its integration
I on the benzopyrrole ring. Additionally, the hydroxyl group
] m l l has the ability to interact with various moieties by a means
of key importance, which became clearer when we examined
indole derivatives containing only a methyl group in different
4HI concentration (M)
FiGURE 9: 4HI concentration-dependent cell culture assay. The 4HI jhinitory effect or no inhibition according to their position
inhibitor was added at different concentrations to a fixed amount .
on the benzopyrrole ring. The methyl group alone had an
were maintained in the absence or presence of this mixture. Cellinductive effect on the benzopyrrole electrons, but this effect
viability was determined using the MTT viability assay after 24 h. is minor compared with the hydroxyl group effect. When
8B). Although all three compounds inhibited the fibril in which a hydroxyl group was part of a steric group, no
aggregation rate in the ThT assay, 4HI had the most inhibition occurred when the hydroxyl group was more than
cell culture assays. When 25 or M 4H| was added to a inhibited the reaction to a lower extent than 3HI and the
solution containing £1—40, the viability rate of PC12 cells  indole-3-ethanol and indole-3-propionic acid failed to inhibit
control conditions (Figure 8A,B). In the presence of 3HI, mechanism of the compounds studied here remains unclear,
the PC12 survival rate was improved 5§25% only in the but we assume that the hydroxyl group interacts with the
of cytotoxicity in either assay. The inhibitors alone had no density and negative charge on the benzopyrrole ring
effect on the survival of PC12 cells in culture (data not prevents the ability of another /A peptide to create a
by adding different concentrations of 4HI tg/M A51—-40 fibrillogenesis process.
and PC-12 cells. The cell viability assay was assayed after The nitrogen atom of the indole can participate in a-NH
4HI exhibited doseresponse behavior. The minimum The energy of this bond is near2.81 kcal/mol §1).
concentration of 4HI required for significant inhibition was Therefore, it is a more favorable interaction than typical
blocked at 5:M 4HI (Figure 9). A complete toxicity block  order of -2 kcal/mol 62). It is not unlikely to assume that
was also shown when the cell culture assay was preformedover the surface of an oligomer, which is composed of

maintained in the absence or presence of the sample mixtures. Cel ydroxyl group to inhibit the formation of amyloid as-
mediately after the sample mixtures was made and (B) after positioned on C3 and C4 showed significant inhibitory

results in an altered electron density and a negative charge

OuM | 0.5uM [1.25uM| 2.5uM | 5uM | 10uM ‘2!"7 50uM of hydrogen bonds. The position of the hydroxyl group is

positions. Such derivatives showed either an insignificant
of 5 uM AS1-40 and incubated for 7 days at 3C. PC12 cells

we examined different derivatives such as methyl or ethyl,
significant inhibitory effect on £1—40 cytotoxicity in both one carbon away from the benzopyrrole. For example, 13C
was elevated by~25% when compared with that under the formation of amyloid fibrils at all. The inhibitory
first assay (Figure 8A). I3C showed no significant inhibition backbone of the peptides and that the different electron
shown). The protective effect of 4HI was further examined x-stacking interaction, hence blocking the extension of the
incubation for 7 days (Figure 9). The protective effect of --7 hydrogen bond with the ring of another aromatic residue.
2.5uM, whereas the toxic effect of fL—40 was completely ~ nonbonding aromatiearomatic interactions which are on the
with the A31—42 peptide and 50M 4HI (data not shown).  several A8 peptides, there will be several Nttt hydrogen
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binding sites. Therefore, the avidity of such interaction will completely inhibited the toxicity of £1—40 in both cell
be significantly increased. culture assays (Figure 8), whereas all three inhibitors
Recent evidence indicates that the toxicities ¢gf &nd decreased the fibril aggregation rate in the ThT assay. The
other amyloidogenic proteins lie in the soluble oligomeric method used to dissolve lyophilizedSAin cell culture
forms 8—19). This understanding is supported by many in experiments differs from that used in ThT assays because
vitro and in vivo studies, leading to the notion that potential DMSO is toxic for cells. This different dissolving method
anti-amyloid compound$@—57) should block the very early  accelerated A fibrillogenesis kinetics, which might explain
stages of amyloid oligomerization, most likely the cytotoxic the lower inhibition percentages of all three inhibitors in
stage. The kinetic assay was a first step in determining thegeneral and of 4HI in particular in the cell culture assay.
phases inhibited by each identified compounds. The char- A lower inhibition percentage was also observed when
acteristic sigmoidal curve obtained in the ThT fluorescence we compared the Al—40 and A31—42 inhibition results.
assay is consistent with the nucleation-dependent polymer-This might be explained by the different fibrillogenesis rates
ization model §8, 59). An inhibitor changes the shape of of the two polypeptides50). We assume that a slower fibril
the fibrillogenesis curve in three ways: (1) interference with formation rate allows better interaction between the inhibitor
nucleation, increasing the lag time; (2) interference during and the A8 recognition motif in its monomeric or low-
the polymerization step, which should slow its rate signifi- oligomeric state. The ability of the inhibitor to target these
cantly; and (3) inhibition in which & is diverted from the ~ monomers and early assemblies probably results in much
polymerization pathway, reducing the end point equilibrium more significant inhibition.
level. The results of this study show that I3C and 3HI  The issue of the generic nature of indole derivatives to
interfere in the polymerization stage and divert the processjnhibit other amyloidogenic proteins is another major aspect
away from that pathway. 4HI seemed to interfere in all three that is needed to be studied. So far, only few small molecules
steps. In correlation with quantitative fluorescence assays,were described as inhibitors of more than one amyloidogenic
qualitative microscopy analysis revealed that even after protein 61, 62). Another study by our group demonstrated
careful examination, the only grids showing no amyloid that the three indole derivatives have an inhibiting effect on
fibrils in the TEM analysis were those containing samples other amyloidogenic proteins, including human calcitonin and
of Af with 5 uM 4HI. Additional powerful qualitative  the human islet amyloid polypeptide (IAPP) (data not
support emerged from the AFM analysis in which samples pypjished).
were examined in the three fibr_illo_genesis curve ph_ases. Al g summary, these findings indicate that simple indole
AFM samples were clear of fibrils in the immediate lag erjyatives such as 4HI, 3HI, and I3C effectively inhibit
phase_, a_nd_ oqu those containing 4H remained clear of Ap peptide-induced amyloid fibril formation and prevent
amyloid fibrils in the polyme_rlza_tlon phas_e. Th? results of cell death induced by the peptide in culture. The anti-
AFM support those of the kinetic assay in which the 4HI 5 5i40genic compounds described here, especially 4HI,
lag time was Io_ng_er than n o_ther samples, suggesting thatgp g he considered lead compounds for the development
4HI blocks Af fibrillogenesis in the early stages of nucle- oty 45 to inhibit oligomerization and prevent the neuro-
ation. We observed an apparent paradox in the 3HI results,toxicity of AB in Alzheimers disease. Therefore, we
in Whi?“ qsig_nificant def:rease. occurred in thfé #orillo- . recommend further in vivo study in which bloebra{in
genesis kinetic assay with no |mprovement in the survival barrier (BBB) permeability will be examined. The small size
of cultured PC12 cells. The variant morphology among the ¢ 6 inqole derivatives (molecular mass-0f35 Da), their
amorphous aggregates shown in the TEM micrograph (Figurep,y 4nhobicity, and excellent BBB permeability of indole

6C) likely caused such a discrepancy. The cytotoxicity of derivatives such melatonin and 5-hydroxgryptophan hint

those amorphous aggregates is unknown, and it is NOty, t they might actually have a high permeability rate
unlikely that the differences in the 3HI inhibitory effect on ymg y gnp y '

cytotoxicity between the 1 day incubation PC12 cell culture oAckNOWLEDGMENT

assay and the 7 day incubation assay are due to their

cytotoxicity. Therefore, on one hand, the 3HI blocked the = We thank Dr. Shahcar Richtet for his help with the AFM

Ap cytotoxicity effect, and on the other hand, it causes experiments and Oren Oster for help with the ThT experi-

amorphous toxic aggregates. ments. We thank members of the Gazit laboratory for helpful
The mechanism by which amyloid fibrils cause neuronal discussions.
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