DOI: 10.1002/cbic.200900044

Phenolic Oxime Oligomers Inhibit Alzheimer’s Amyloid Fibril Formation

and Disaggregate Fibrils In Vitro
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The formation of insoluble fibrils from misfolded proteins and
their accumulation into amyloid plaques in the brain is an es-
sential aspect of Alzheimer’s, Parkinson'’s, and Huntington'’s dis-
eases." Amyloid fibrils, which induce neurotoxicity through a
variety of mechanisms,”® consist mainly of the amyloid-f (AB)
peptides AP, and AB,_,,,” the formation of which is trig-
gered by nucleation-dependent polymerization."®" Therapeu-
tic approaches aimed at reducing amyloid fibril formation in-
clude inhibition of AP production,"? immune stimulation to
remove AP from the brain,"¥ and direct inhibition of AP self-
assembly,"*" in particular by blocking the transition from
monomeric to oligomeric and polymeric Af} species with small
molecule inhibitors. (This was initially discovered using the dye
Congo red)."¥ In the latter case the best small molecule inhibi-
tors discovered to date are polyphenol-type compounds with
potencies in the 1C;,=5-10 um range,"”?" such as the natural
products nordihydroguaiaretic acid (NDGA),""®?22! myricetin,?"
or the yellow curry pigment curcumin (Figure 1).l'824

We recently reported an efficient high-throughput screen
(HTS) for inhibitors of amyloid fibril formation using an engi-
neered synthetic fibril building block (AB;s_s;Y20K»K4)4 display-
ing controllable kinetics of fibril formation.”>?® The assay uses
fluorescence detection of the characteristic cross-f3 sheet struc-
ture of amyloid fibrils by the dye thioflavin T (ThT).?”-*? In our
effort to discover new inhibitors of AP fibril formation, we
applied this HTS to a library of oxime oligomers prepared by
an iterative two-step procedure for the oligomerization of hy-
droxy-aromatic aldehydes (Scheme 1),%°34 and discovered of
two novel inhibitors of AP fibril formation, 19 and 22 (Fig-
ure 1).

In the search for a suitable source of possible inhibitors of
Ap fibril formation, we noticed the structural analogy between
known polyphenolic inhibitors and our recently reported col-
lection of oxime oligomers.”” Taking known inhibitors of Ap-
fibril formation into account, the library was extended by pre-
paring the di- and trisubstituted phenolic oxime oligomers 3,
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Figure 1. Structures of inhibitors 19, 22, NDGA, curcumin, myricetin, ThT and
methyl yellow.
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Scheme 1. Iterative oxime bond formation.

6, 7, 14, 19, as well as carbohydrate 27, and 9, which contains
a dimethylamino group as found in the AP fibril formation in-
hibitors ThT and the dye methyl yellow (Figure 1)." The struc-
tures were confirmed by NMR, MS, and in selected cases by X-
ray crystallography.®” In total a series of 27 oxime oligomers
spanning mono-, di-, and trimeric oximes were considered for
inhibition screening (Figure 2).

Screening of the oxime oligomer library showed that several
compounds were active in the 10 um range (Figure 3). The in-
hibition observed with our HTS assay was also measured on
native AP,_, fibril formation using the ThT assay (Figure S1 in
the Supporting Information). To test if the observed effect was
indeed due to fibril inhibition, amyloid fibrils were visualized
directly by atomic force microscopy (AFM, Figure 4). All screen-
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Figure 2. Library of oxime oligomers and compounds tested for inhibition of Af,_, fibril formation and fibril destabilization.

ing hits were also tested for inhibition in the presence of pre-
formed AB;_4 fibrils as seeds (Figure 5). Furthermore, selected
inhibitors were tested for their ability to degrade preformed
AB,_4 fibrils in vitro using the ThT assay, and the effect was
confirmed in turn by AFM (Figure S2). The results of these ex-
periments are summarized in Table 1.

The simple oximes 6 and 7 showed ICs, values near 20 pm.
However, AFM images of the AB,_, assays showed no inhibi-
tion of fibril formation compared to the control (Figure 4A and
B). Considering that filter-effects can be ruled out for 6 and 7
because they do not absorb at the wavelengths of fluores-
cence excitation or emission,””® fluorescence inhibition is prob-
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ably caused by direct competition against the fluorescent re-
porter ThT for binding to the fibrils, a typical feature of poly-
phenolic compounds.?® The same effects were observed with
the phenolic bis-oximes 10, 11, 14 with IC, values in the 10-
30 uMm range, but no effective inhibition of fibril formation
when tested by AFM.

By contrast to the smaller oximes and dioximes, the larger
trioxime hits 15, 16, 17, 18, 19, and 22 not only showed good
inhibition in the screening, but also blocked fibril formation as
observed by AFM, as exemplified by compound 19 (Figure 4C).
The most effective compounds were the trioximes 22 and 19,
with 1Cg, values in the 10 um range. The compounds exhibited
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Figure 3. Initial HTS assay of fibril inhibition with selected oxime oligomers £ 1500 £ 15004
(10 pm) using the amyloid fibril model (AB4_37Y20K5:Kz4)4- Fibril formation g g
was triggered by adding phosphate buffer pH 7.1 at 25°C (to a final concen- % 1000 - % 1000
tration of 5 mm) to an aqueous solution of the A} model system (70 pL of 2 9
4 uM (AB16.37Y20K22K,4)4)in the presence of 10 pm concentrations of test com- % 500 % 500 |
pounds and was followed in real time by monitoring the binding of the Af- z £ i
0 T T T T 0

sheet-specific dye thioflavin T (ThT, 10 um) by following fluorescence at T T T T
Aem =480 nm (1., =440 nm), which increases as a function of fibril growth. 0 5 1 15 20 25 0 5 10 15 20 25
The assay was performed on a black 96-well micro plate and emission data trh trh

were collected at 480 nm with one minute intervals with excitation at

440 nm. Figure 5. Inhibition studies of AB;_4 (50 um) fibril formation with the oxime

compounds, in the presence of sonicated preformed Af,_, fibrils (2.5 pum) as
seeds. A) 19, B) 20, C) 22, D) NDGA. Concentrations of the oxime compounds
are: O pum (m), 0.1 um (+), T um (A), 10 um (o) and 100 pm (o). Solid lines are
a nonlinear fitting of the data with a sigmoid function to aid the eye (Igor
Pro, WaveMetrix). Experimental details are in Figure 3. Data are representa-
tive of two independent experiments.

comparable potencies under conditions of fibril formation and
in the presence of seeds. In these two cases the compounds
also triggered the deaggregation of established AB-fibrils with
potencies comparable to the reference natural product NDGA.

The trioximes tested differ by
the substitution patterns of the
hydroxyaldehyde building block.
The stronger inhibitory potency
of 19 is probably related to the
catechol group in the last build-
ing block, as its mono-deoxy an-
alogues 17 and 18 are inactive;
the catechol group is also found
in the known inhibitor NGDA. In-
hibition by the trioxime inhibitor
22 suggests that an ortho-
methyl phenol is also suitable,
although in this case the differ-
ence in the second building
block (3-nitro-4-hydroxy-benzal-
dehyde instead of 3-hydroxy-
benzaldehyde) might also be im-
portant. AP fibril inhibition by 19
and 22 probably involves hydro-
gen bonding of the aromatic
hydroxyl group; this leads to

Figure 4. Representative AFM images after AB,_, fibril formation in the presence of different oxime compounds extended hydrophobic contacts
and NDGA (scan size 10x 10 um). The concentration of added compounds is 100 um. A) Control with no added that disrupt the AP fibril. The
compounds. Large aggregates of fibrils are observed, the height of individual fibrils is 4 nm. B) Mono-oxime 6,
long fibrils cross the image. C) Diphenolic trioxime 19, aggregates and a few short fibrils. D) Trioxime 22, small L
aggregates. E) Trioxime 23, small aggregates. F) Control inhibitor, NDGA, small aggregates are seen. Scale bars 14 seem to engage in similar in-
indicate a length of 1 pm. teractions with the fibrils as seen

smaller analogues such as 7 and
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Table 1. IC, in the ThT assay with AB,_,, and AFM observations of A4
fibril formation, extension, and destabilization.
Compounds ICso [um]®@
Inhibition®™ (AFM)®!  Seed'” Degradation (AFM)'®
2 100 100 -
6 17 (F)" 85 -
7 25 (F) 12 -
10 10 (F) 27 -
1 8 (F) > 100 -
14 30 (D.F)" 16 30 (D.F)
15 15 (Few F.)" 70 100 (F.)
16 100 (Few F.) 100 >100
17 100 (Few F) 60 100 (F)
18 100 (Few F.) 100 > 100
19 17 (Few F) 30 30 (No F)
20 100 (F.) 100 >100 (F)
21 10 (F) 4 _
22 12 (No F)® 20 30 (No F)
23 35 (No F) 55 100 (F)
24 23 (F) 60 -
26 80 (F) 3 -
25 38 (F) 60 -
27 4 (D.F) > 100 50 (D.F)
NDGA 14 (No F) 10 10 (No F)
0.16"% 0.14"8 1.001®
curcumin 5(No F) 4 1 (D.F)
0.19[18] 0'19[151 0'42[18]
[a] ICs, values were determined from the ThT assay with 50 pm AP1-40.
Compounds 1, 3, 4, 5, 8,9, 12, and 13 were also tested and showed no
activity at 100 pum. [b] AFM was performed after the inhibition study with
100 um of oligomers. [c] ICs, values in the seeding study are determined
from the ThT assay with 50 pm AB1-40 in the presence of 2.5 um pre-
formed fibrils (see Figure 5). [d] IC;, values in the degradation study are
determined from the ThT assay with 25 um Ap1-40 preformed fibrils (see
Figure S2). [e] AFM was performed after the destabilization study with
100 um of oligomers. [f] Observation in AFM study: (F.) =fibrils, (D. F)=
distorted fibrils, (No F.) =no fibrils. [g] Measurement error is & 10 %.

in the ThT assay, but this binding only displaces the fluorescent
reporter without blocking AP fibril formation itself. Although
molecular size seems to be essential for activity in the oxime
oligomers, it should be noted that screening of a related series
of ether oligomers®* assembled from the same building blocks
with the ThT assay gave no hits, excluding a size-only effect.

In summary, screening for inhibition of amyloid fibril forma-
tion using our recently reported microtiterplate fluorescence
assay™® was implemented for the first time to discover new in-
hibitors in a library of oxime oligomers. Investigation of initial
hits by AFM revealed that the smaller oxime and dioxime hits
inhibited fluorescence without blocking amyloid formation,
presumably by direct competition with the fluorescence label
ThT for binding to the fibrils. This finding confirms previously
reported difficulties with ThT assays,®® which could potentially
be circumvented by using assays not relying on ThT.?*3*¥ On
the other hand the longer trioxime oligomers identified by
screening indeed showed effective reduction in amyloid fibril
formation. Two of these oxime oligomers, compounds 19 and
22, were also active in fibril deaggregation assays both under
fluorescence and by AFM, and thus represent a new class of
AR fibril formation inhibitors. Optimization of their activity
might be possible by further structural modifications.
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