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The two histopathological hallmarks that characterize Alz-
heimer’s disease (AD) are the extracellular amyloid plaques
that are formed by PB-amyloid fragments of the amyloid
precursor protein (APP), and intracellular neurofibrillary
tangles and neuropil threads, which consist of the micro-
tubule-associated protein tau forming paired helical filaments
with highly ordered structures, as recently corroborated by X-
ray microcrystallography.''! In addition, tau deposits similar to
those of AD occur in several “tauopathies”.>*! The normal
function of tau is to stabilize the microtubule network for the
transport of vesicles and organelles in nerve cells, which is
necessary for the communication between cells and thus for
brain activity. When tau aggregates, it is thought that the
tracks for transport (microtubules) break down and the
transport is interrupted.*! Moreover, the relevance of tau for
neurodegeneration induced by 3 amyloid has been demon-
strated in a mouse model.”* It would therefore be highly
desirable to find methods to keep tau in a functional state and
prevent or reverse abnormal aggregation. The quest for cures
for Alzheimer’s disease is very intense. Available therapies to
date make use of cholinesterase inhibitors and NMDA
receptor antagonists,”!”! and newer approaches focus, for
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example, on inhibition of tau phosphorylation and amino-
peptidase activation.'¥]

Thus, the development of tau aggregation inhibitors that
are also able to disaggregate filaments could provide an
alternative to existing strategies."'*l Herein we report the
investigation of substituted rhodanines with these properties
in vitro and in a cell model consisting of a neuroblastoma cell
line that expresses tau in an inducible fashion with subsequent
aggregation. In an initial high-throughput screen,*?" several
aggregation inhibitors were identified. From these hits,
rhodanines (2-thioxothiazolidin-4-ones, Figure 1a) were

Figure 1. Variation of inhibitor structure. a) Structure of the hit com-
pound. Variations of flanking regions of the central rhodanine core
(part B) are possible in parts A and C. b) Variations of the core (R' and
R?) and on the flanking substituents (R® and RY).

selected for synthesis of a collection because of their activity
in the screening and because the rhodanine core in general
has been shown to be a viable scaffold for the development of
biologically active molecules. Thus, rhodanines are classified
as nonmutagenic,”’! and a long-term study on the clinical
effects of the rhodanine-based Epalrestat demonstrated that
it is well tolerated.”” Several assays were performed to
develop compounds that would show strong effects on the
assembly and disassembly of paired helical filaments (char-
acterized by their ICs; and DCy, values, corresponding to the
half maximal compound concentration necessary for inhib-
ition of tau assembly into aggregates and disassembly of
preformed filament aggregates, respectively). We performed
a tau aggregation assay in vitro based on the fluorescence
change of the aggregate-specific stain thioflavin S (ThS) as a
readout and using the three-repeat tau construct K19 derived
from the fetal isoform htau23!"”*! (see the Supporting
Information). In addition, we investigated the aggregation
of the four-repeat construct K18, either with the wild-type
sequence, or with two types of mutations. In the “proaggre-
gation” mutant K18AK280, the absence of K280 strongly
enhances aggregation.” The opposite behavior is observed
with the “antiaggregation” mutant by the insertion of pro-
lines, which act as breakers of f structure and thus prevent
aggregation (I277P, I308P).*!
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For the synthesis of a compound collection we employed
an iterative approach and focused on the heterocycle as well
as its substituents. Initial attempts focused on immobilization
of an N-carboxyalkyl-substituted rhodanine core on a poly-
meric resin by means of an ester bond, and subsequent
Knoevenagel reaction with aromatic aldehydes equipped with
a suitable functional group to allow formation of the biaryl
bond by means of a Pd’-catalyzed aryl coupling reaction.
However, these attempts failed because the Pd’-catalyzed
reaction was inhibited by the rhodanine heterocycle. Thus, the
solution-phase synthesis sequence shown in Scheme 1 was

— R EtOOC/\N//(Rz % 5
+
O)\/
b blc/d

=0
O
= ©
N

HOCH,COOEt NH,CH,COOEt

Scheme 1. Synthesis of a compound collection. Reagents: a) 5 mol% [PdCl,(PPh;),], 2m aq Na,COs, 1,2-
dimethoxyethane, 85°C, 9 h. b) Ethyl isothiocyanatoacetate, Et;N, toluene, reflux, 4 h. c) Bis(carboxymethyl)tri-
thiocarbonate, Na,CO;, iPrOH, reflux, 18 h. d) Bis(p-nitrophenyl)carbonate, Et;N, N,N-dimethylformamide,
room temperature, 12 h then HCl aq, dioxane, reflux, 2 h. e) For R*=0, NH: NaOAc, dioxane, 90°C, 2 h; for
R?=S: piperidine, CH,Cl,, room temperature, 12 h. f) NaOH, dioxane/water, room temperature, 1 h. g) meta-

Chloroperoxybenzoic acid, NaHCO;, CH,Cl,, room temperature, 24 h.

employed; this sequence involves formation of biaryl alde-
hydes and subsequent Knoevenagel condensation with the
rhodanine core as key steps (for a solid-phase synthesis of
rhodanines by a different strategy, see reference [28]). The
aryl aldehydes necessary for the Knoevenagel condensation
(part C, Figure 1a) were obtained by Suzuki coupling
between haloaromatics and functionalized boronic acids
(Scheme 1).

Initially, we focused on the central heterocycle itself,
replacing the original rhodanine core with other heterocycles
(R' and R? Figure 1b). In these experiments, rhodanines
(R'=S and R?=S), thiohydantoin (R'=S and R*=N),
thioxooxazolidine (R'=S and R?=0), oxazolidinedione
(R'=0 and R*=0), and hydantoin (R'=0 and R*=N)
were employed (see the Supporting Information) and the
following trend in inhibition of tau aggregation was observed:
rhodanine (1) > thiohydantoin (3) > oxazolidinedione (7) >
thioxooxazolidinone (9) > hydantoin (10). The rhodanine
heterocycle appeared to be the most potent. The thioxo
group in rhodanines is known as a carboxylic acid bioisoster
by size, low electronegativity, and ability to build hydrogen
bonds.”*?”! On the basis of these observations, the rhodanine
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heterocycle was kept, and substituents A and C were varied
(Figure 1a).

We investigated the importance of the carboxylic acid (A,
Figure 1a) and the influence of the substitution and length of
the linker connecting the central core (B, Figure 1a) to the
carboxylic acid (Figure 2). Replacement of the carboxylic
acid with an imidazole or a benzimidazole as well as
esterification led to reduced disassembly activity (Table 1,
entries 1-4). Furthermore, the length of the linker between
the carboxylic acid and the rhodanine core (B, Figure 1a) was
varied. These experiments revealed that increasing the

distance up to two carbon

bonds resulted in an appre-

ciable increase in the com-

pound’s inhibitory potency

without markedly affecting

the disassembly activity
R (Table 1, entries 1, 5, and
6). In subsequent experi-
\ N \‘ ments, biaryl part C of the
compounds  (Figure 1a)
was varied. The heteroaro-
matic side chain (part C,
Figure 1a) tolerated varia-
tions, but modifications on
the furan heterocycle led
| to reduced potency
(Table 1, entries 1, 5, and
7-9, and the Supporting
Information), probably as
a result of both electronic
and steric changes, as
replacement of the furan
ring in 16 for thiophene in
22 reduced the potency.
Very bulky substituents,
such as adamantyl or fer-
rocene (Table 1, entries 10 and 11), at the end of side chain C
were generally well tolerated, reducing the overall efficiency
of the compounds only slightly. Also, introduction of a
charged group by means of a carboxylic acid did not influence
the potency considerably (Table 1, entries 12-14), underlining
the structural flexibility around this position.

R'=S, R%=0
R'=S, R%=NH
R'=S, R?=S
R'=0, R2=NH
R’ —>R1=0, R?=0

Chain length important Sulfur optimal

S
e
NEAEN

RB
o—( N
M Bi- or triaryl groups
N

Carboxylic acid 0]
Electron-rich heterocycle

Figure 2. Structure—activity relationship.

After completing the synthesis of our focused library, we
observed that the efficiency of the most potent derivatives are
in the nanomolar range for both inhibition and disaggregation
(19, IC5,=0.17 um, DCs,=0.13 pm, Table 1). Examples of
dose-response curves are shown in Figure 3, both for the
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Table 1: Compound structures, 1Cs and DCs, values, PHF inhibition in cells, and cytotoxicity.

Entry Compd R*Fl RYE ICso [uM]® DCso [um]®!  Inhibition in
cells9 [%]
o 0
1o o w 0.82 0.10 20.40+5.37
cl
o P -0
2 4 o U_Q| 436 1.80 n.d.
H 0
3 14 —\ T\/)_Q 0.67 0.94 70.47 +4.49
N ol
HN 0
4 49 <\N]\A - T\/)_Q 1.09 0.80 nd.
cl
0 :V‘J O
516 O T\/)_Q 0.47 0.30 21.55+13.82
cl
o 0
6 3 oA \E/)_Q 1.22 1.04 n.d.
cl
o S8
7o oty D_Q 0.97 0.77 nd.
cl
o) XN
8 27 Ho A~ "N )—<) 5.03 1.66 nd.
0 By
9 4 O~y IIA)) 7.92 1.40 n.d.
o} ¥ o ol
0 44 Ho Sy U—@—f\ladamamyl 0.69 0.42 nd.
0 ¥
m 54 HO L C ; 0.37 0.47 n.d.
OY\Q\ o COOH
12 33 o ’ D_@_g 058 052 nd.
° &
0
13 34 mﬁ; 0.73 0.60 n.d.
° o
14 35 mfr T~ 078 058 nd.
Q X COOH
15 30 HO s M_U 0.26 0.16 69.02+3.10
H
6 17 N O = 0.54 0.39 62.67+4.08
b SOE e ow e
o E
1719 o'~y 0.17 0.13 16.49+4.38

[a] Substituents R® and R* refer to Figure 1b (R'=R?=

S). [b] The ICs, and DCs, values represent the

assembly-inhibition and disassembly-inducing half-maximal concentrations, respectively, measured
in vitro. For each data point, experiments were performed in triplicate and averaged. The standard error
of the ICs, or DCs, values determined from the curves was 10-20%. [c] The values obtained by
incubating the cells with 15 pM compound correspond to the level of inhibition of tau aggregation
normalized to a control without inhibitor (0%) in cells. n.d.: not determined.

inhibition of aggregation (Figure 3a) and for the dissolution
of preformed paired helical filaments (PHFs; Figure 3b).

The curves exhibit the typical sigmoidal decrease of

aggregated protein at increasing compound concentrations.

Angew. Chem. Int. Ed. 2007, 46, 9215-9219

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

Figure 4 illustrates examples of
PHFs, made from the construct
K19, in the process of disassembly
after incubation overnight with
increasing inhibitor concentrations
of 30. Filaments are seen in various
stages of shortening or breaking
and reveal a concentration-depen-
dent degree of dissolution.

The compounds were investi-
gated in murine neuroblastoma
N2a cells to determine whether
they are also active in cellular
systems. In these experiments, tau
expression was induced by incuba-
tion with doxycyclin. The results
shown in Figure 5 were obtained by
switching on the tau expression by
doxycyclin, incubating the cells with
compound (15 um), and scoring for
ThS fluorescence after 5 days. To
assess the depolymerization of pre-
formed aggregates, the expression
of tau was induced for 5 days, then
compounds were added, and the
level of ThS fluorescence was mea-
sured after 2 more days. In these
experiments the compounds were
applied in 15um concentration
because they were not cytotoxic to
the cells at this concentration (see
below).

To exclude that the cell assay
results might be impaired by poten-
tial cytotoxicity of the aggregation
inhibitors, all compounds were
assayed for cytotoxicity at 10 um
concentration. Orientating experi-
ments employed an established lac-
tate dehydrogenase assay (LDH),
which reports on the leakiness of
membranes in degenerating cells.
After the cells were incubated for
24 hours with 10 um compound, the
degree of cell lysis was determined
by LDH release. The assay revealed
that the compounds are not or at
worst only very weakly cytotoxic
(see the Supporting
Information)."”*) Furthermore, we
investigated whether some of the
most potent compounds interfere
with the physiological function of
tau, that is, binding to microtubules.
An in vitro assay of tubulin poly-

merization in the presence or absence of 14 and 30, which
showed the highest activity in the cellular assay (inhibition of
ca. 70% of the aggregation relative to the untreated control)
and a concentration of 60 pM (i.e. four times higher than the

www.angewandte.org
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Figure 3. Dose—response curves. a) Inhibition of tau aggregation by
rhodanine-derived compounds. The extent of aggregation is measured
by ThS fluorescence and plotted as a percentage of the untreated
control. The black line represents the initial hit structure 1. b) Dose—
response curves for disassembly of preformed PHFs by rhodanine-
derived compounds.
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Figure 4. Electron micrographs of K19 PHFs treated with different
concentrations of 30 and 50 for 12 h at 37°C, showing the breakdown
of PHFs into smaller fragments for compound 30. Inactive compound
50 was used for a negative control. The methods used are described
elsewhere

concentration used in the cellular screen), revealed that
tubulin polymerization is at most only marginally affected by
the rhodanines. In this established assay, tubulin at 30 um

www.angewandte.org
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Tau Th-S merged
Control
(DMSO)
—
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—
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—

Figure 5. Cell assay of aggregation inhibitors. Expression of K18AK280
tau in doxycyclin-inducible N2a cells leads to aggregate formation,
which is inhibited by rhodanines. Cells were stained with aggregate-
specific thioflavine-S (green, center column) and with tau antibody
K9JA (red, left column). Compounds 30 and 14 were applied for 5 days
at 15 um (top row, without inhibitor; middle row, with 30; bottom row,
with 14). Note the disappearance of the ThS stain relative to the
control without compound (“DMSQ"). Scale bar: 20 um.

0.6 tau +tubulin
0.4
£
o
3
<
0.2
tubulin only
0.0 4
0 1 2 3 4 5 6
t/ min

Figure 6. Rhodanines have only a minor effect on tau-induced micro-
tubule assembly. Tubulin dimer (30 um) was incubated with hTau40wt
(10 um) in the presence or absence of rhodanine compounds (60 um).
Samples were incubated in a microtiter plate at 37°C, and absorption
was measured continuously at 350 nm and plotted versus time.
Tubulin alone «««+. tubulin and hTau40wt ——-, rhodanine 14 —ae,
and rhodanine 30 —A.

without tau served as a negative control because it is unable
to self-assemble into microtubules below the critical concen-
tration. In the presence of tau (10 um), tubulin polymerizes
within 4 minutes (Figure 6)."!

Taken together, these results demonstrate that the rho-
danines investigated by us inhibit tau aggregation and most
importantly promote paired helical filament disassembly at
100-600 nMm concentration. They also display activity in
cellular assays without showing cytotoxicity (at the concen-
tration investigated) or interference with the normal function

Angew. Chem. Int. Ed. 2007, 46, 9215-9219
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of tau to promote tubulin polymerization. The initial struc-
ture-determining properties of the inhibitors observed in vi-
tro, which do not fully translate into the activities seen in the
cellular context, may result from different penetration
through the cell membrane. Nonetheless, our data suggest
that the compound class identified by us may hold substantial
promise for further development.

Compounds that induce disaggregation of already formed
PHFs, prevent aggregation or in the best scenario combine
both properties are of particular interest for medicinal
chemistry research focusing on AD.
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