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ABSTRACT: One of the key pathological features of Alzheimer’s disease is the aggregation of tau protein.
We are therefore searching for compounds capable of inhibiting this reaction. On the basis of an initial
screen of 200000 compounds [Pickhardt, M., Gazova, Z., von Bergen, M., Khlistunova, I., Wang, Y.,
Hascher, A., Mandelkow, E. M., Biernat, J., and Mandelkow, E. (2005) Anthraquinones inhibit tau
aggregation and dissolve Alzheimer’s paired helical flaments in vitro and in delBiol. Chem. 280
3628-3635], we performed an in silico screen and predicted a new phenylthiazolyl-hydrazide (PTH)
compound as a possible hit [Larbig, G., Pickhardt, M., Lloyd, D. G., Schmidt, B., and Mandelkow, E.
(2007) Screening for inhibitors of tau protein aggregation into Alzheimer paired helical filaments: A
ligand based approach results in successful scaffold hopfing. Alzheimer Res. 43), 315-323.].
Synthesis of this compound showed that it was indeed active in terms of inhibiting de novo tau aggregation
and disassembling preformed aggregateso€7.7 uM and DG, = 10.8uM). We have now synthesized

49 similar structures and identified the core of the PTHs to be crucial for activity, thus representing a lead
structure. Analysis of the binding epitope by saturation transfer difference NMR shows strong interactions
between the tau protein and the ligand in the aromatic regions of the inhibitor. By chemical variation of
the core, we improved the inhibitory potency five-fold. The compounds showed a low toxicity as judged
by an N2A cell model of tau aggregation and lend themselves for further development.

Alzheimer's disease (AD)is characterized by abnormal 1
protein aggregates in the brain, based on eithgprotein, htau24 | |—— [Pi]P1
which forms the extracellular “amyloid plaques”, or tau
protein (Figure 1), which forms the intraneuronal “neu- ]
rofibrillary tangles”, made up of paired helical filaments htau23 —_[p1fPi
(PHFs) B, 4). Tau protein aggregates also occur in a subset
of frontotemporal dementias termed FTDP-5/ §). The PHF6* PHF6
primary cause of these aggregation processes is not well- K18
understood; however, there is a consensus that aggregation 244 K280 372
has toxic consequences to the neurons and contributes to their k19 [N ——— TS
degeneration. Therefore, there is a strong interest to identify
lead compounds that inhibit aggregation and might be
developed into drugs. Similar searches are taking place for

Ficure 1: Isoforms and constructs of tau protein used in the study.

other diseases, which are also based on aggregating proteins,
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I Technical University of Darmstadt. ' been used to analyze the effect of compounds on tau
U University of Hamburg. aggregation like ThS fluorescenc®),(tryptophan fluores-

1 Abbreviations: AD, Alzheimer's disease; FTDP-17, frontotemporal cence 10), pelleting assay, filter assay, and electron mi-

dementia with parkinsonism linked to chromosome 17; LDH assay, i -
lactate dehydrogenase assay for cell toxicity; PHF, paired helical croscopy {1). On the basis of 21 compounds emerging from

filament; TauRD, tau repeat domain; ThS, thioflavine S; STD-NMR,  the initial screen and belonging to different chemical groups,
saturation transfer difference NMR; PTH, phenylthiazolyl-hydrazide. we performed an in silico scree®)( This identified the group
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— 7 doxycyclin (final concentration), and cells were incubated
Random library of 200.000 compounds

—————— e for 5 days. In the inhibition assay, the inhibitor compound

Inhibition of PHF formation (ThS assay) was added together with doxycyclin at a final concentration
_V1266 of 10 uM. After 5 days of protein expression, cells were
compounds g . . X
—— oy transferred to glass coverslips coated with polylysine, fixed
REPO AN Y with 3.7% paraformaldehyde in phosphate-buffered saline
PRE—— (ThS assay) (PBS), and briefly permeabil'ized with 80% MeOH. Next,
21 selected o 77 the cells were incubated with 0.01% ThS, followed by
£ compounds conE0ingls incubation with rabbit antibody K9JA and secondary anti
in silico screen .. Phenylthiazolyl- =~ rabbit antibody labeled with Cy5. For assaying the dissolution
virtual library hydrazides il e of preformed tau aggregates, the inducible N2a cells were
v incubated with 1ug/mL doxycyclin for 5 days. After that,
trww;:;fﬁ:::ii:::g the medium was exchanged for a new one containipg/1
electron microscopy st‘:zgtmu';'_’;%t‘l';ﬁ mL doxycyclin and 10uM inhibitor compound, and the
pe";'t'i:f;;:::; relationship X incubation was continued for two more days. The transfer
tau-microtubule binding of cells onto cover slips and staining with ThS and Tau
eell viahility antibody was performed as above. Finally, the cells showing

— ThS staining were scored in independent fields containing
FiGure 2: Screening scheme leading to the PTH lead structure. at least 500 cells.

Starting from 200000 compounds, 77 compounds were identified .

that were capable of inhibiting tau aggregation and of dissolving ~G€neral Procedure for the Preparation of PTHEo a
preformed PHFs. Using 21 of the 77 compounds, we performed Stirred ice-bath solution of thiosemicarbazide (365 mg, 4
an in silico screen, from which the PTHs were first identified as a mmol) and dry pyridine (4 mL) was added dropwise

hit (2). aroylchloride or sulfonylchloride (4.4 mmol). The reaction

of phenylthiazolyl-hydrazides (PTHs, notably substance mixture was stirred overnight at room temperature. The

BSc2463) and others as potential inhibitors of tau aggregationexc.ess pyridine was evaporatgd at r.educed. pressure, ngving
(Figure 2). a mixture of the crude aroylthiosemicarbazide and pyridine

The aim of the present study was to show that this class hydrochloride. The mixture was washed with water, remov-

of compounds is indeed active as inhibitors of tau aggrega- ing the_pyridine hydrochlpride, and the crude aroyl-thiosemi-
tion. We synthesized 49 compounds related to BSc2463 tocarbamde was recrystallized (ethanol, methanol, and water).
confirm the lead structure, to build up a structueetivity Bromoacetophenone (0.5 mmol) was added to a solution
relationship (SAR), and to improve the biological activity. of aroylthiosemicarbazide (0.5 mmol) dissolved in ethanol
In addition, we analyzed one of the most active compounds (3 mL). The mixture was refluxed for 30 min, cooled to room
(BSc3094) by saturation transfer difference NMR (STD- temperature, and stored in the refrigerator (if necessary) to
NMR) (12) to determine the interaction mode with tau precipitate a salt that was filtered, washed with cold ethanol,
protein. Finally, we tested the activity and toxicity of the and resuspended in EE. The suspension was washed with a
compounds in a cell model of tau pathology8) and show saturated solution of NEO; (3 x 25 mL) and brine (1x
that the most active compounds are well-tolerated by cells. 25 mL), dried (MgSQ), and evaporated in vacuo to yield
the desired crude PTHSs (for NMR spectra, see Figure S2-61

MATERIALS AND METHODS in the Supporting Information).

Thioflavine S (ThS) Assay for Aggregation of T#ul0 STD-NMR.AIl STD-NMR experiments were made in 3
uM concentration of K19 was incubated with compounds mm Match tubes in a 700 MHz spectrometer with cryogenic
in a concentration range from 1 nM up to 20® in the probe head at 295 K. The quantity of protein was kept small
presence of 2.5uM heparin in 50 mM NHAc buffer by the small diameter of the sample tubes. The spectra were

overnight at 37°C (following ref 9). After addition of 20 measured with a spectral width of 11.0208 ppm and 32k data
uM ThS, the signal was measured at 521 nm (emission) atpoints with application of the WATERGATE water sup-
an excitation wavelength of 440 nm. pression (w5-sequence). The suppression of the protein
Neurotoxicity AssayNeurotoxicity was assessed using a resonances was reached by a spin lock pulse with a length
lactate dehydrogenase assay for cell toxicity (LDH assay) of 15 ms and an attenuation of 11 dB. We used a pulse
kit (Roche, Mannheim, Germany) according to the manu- program in which the presaturation was accomplished,
facturer’s specifications. In the viability assay, the aggrega- alternating after each scan for the on and off resonance
tion inhibitor compound was added at a final concentration experiment at the selected frequencies. Thus, artifacts are
of 10 uM to uninduced N2A cells. The activity of LDH was prevented during the difference formation due to inhomo-
measured spectrophotometrically at 492 nm. Cell death wasgeneities. As a point of irradiation for the on resonance
calculated as percent of LDH released into medium, as experiments, we selected 540 Hz (0.77 ppm). As a point of
compared to total LDH obtained after total cell lysis (see irradiation for the off resonance experiments, 40000 Hz (57.1
ref 13). ppm) was selected. The saturation duration in all experiments
Tau Aggregation and Inhibition Assay in Cellthe N2a/ was 4 s, and the attenuation of the saturation power was 45
K18AK280 cells were grown in Nunc flasks in minimum dB. A total of 2044 scans were collected per experiment.
essential medium supplemented with G418 (890nL) and After phase correction, the flame ionization detection was
Hygromycin (100ug/mL). The protein expression in the multiplied by an exponential function to improve the signal-
control sample was induced by addition of (dg/mL to-noise ratio, which caused a line broadening of 1 Hz.
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Ficure 3: Chemical group and lead structure. Possible modifica-

tions are indicated by RiR4. Notice that R2= C except in
BSc3088 and R3= H except in BSc2463 and BSc3052.

R

For the determination of the binding epitope, a sample
with 33.33uM BSc3094, 1QuM soluble K18, and 8(:M

Pickhardt et al.

diverse derivatives to improve potency, selectivity, and
pharmacodynamic properties of the molecules in terms of
activity, solubility, and cytotoxicity. To improve the capabili-
ties of the lead, we employed several variations. The
substituted aryls or biaryls featuring additional heteroatoms
(Br, O, CIl, and F) were accessible by a straightforward
synthetic strategy (Figure 4), where the key step is a Hantzsch
thiazole synthesis. This method involves the reaction of
o-halocarbonyls with appropriate thiourea derivatives, which
were obtained from the coupling of acyl chlorides (respective

DTT-ds in 200uL of PBS/D,O was used. Subsequently, the Sulfonyl chlorides, BSc3088) with thiosemicarbazide using
STD spectrum and reference spectrum were compared with@ Standard protocol in pyridine (Figure 4A) or by the reaction
one another and the magnitude of the STD effects and theOf phenylisocyanate with thiosemicarbazide in tetrahydro-
binding epitope was determined. furan (Figure 4B). Finally, the crude PTHs were convert_ed
For the determination of the dissociation constant, a samplel©® the free bases by treatment with saturated sodium
with 10 «M soluble K18 and 8QctM DTT-ds in 200 uL of bicarbonate to provide the desired products.
PBS/D,O was prepared. Then, the concentration of BSc3094 For these compounds, the inhibition of tau aggregation
was varied to 16.7, 33.3, 50.0, 67.7, 83.3, 100.0, and 200.0and the depolymerization of tau aggregates (Figure 5A,B)
uM. This corresponds to a change of the excess of BSc3094were determined by the ThS fluorescence assay described

to the tau construct of 1.6720-fold. Evaluation of the data
until 83.3uM resulted in the dissociation constants.
Surface Plasmon Resonan&urface plasmon resonance

previously (, 14), which is sensitive to the interaction be-
tween the dye and the assemblgétructured fibrils or
oligomers. The aggregation assays were performed with the

experiments were accomplished at a Biacore T100 instrumenttau construct K19, which consists of the three repeats corre-

at a temperature of 298 K using CM5-Chips. As buffer
system, sterile PBS buffer with 1% dimethyl sulfoxide
(DMSO) was used. A 325 fmol amount of soluble tau
construct K18 was immobilized. We selected for the
regeneration a 20 s injection with 50 mM of hydrochloric
acid followed by 60 s as a stabilization period. A flow rate
of 30 uL/min was selected. As the time of contact, the

sponding to the fetal isoform of tau. This construct was
chosen because it readily aggregates into PHFs in \8)ro (
For STD studies, we used the construct K18, which com-
prises all four repeats of human tau, because we wanted to
study the interaction of the compounds with the full repeat
domain. In this case, the FTDP-Mutatiak280 was chosen
because of its superior aggregation rdt®) (Figure 1). The

maximally possible time of 700 s was selected, and as results were additionally checked by several biophysical
dissociation and stabilization times, in each case, 300 s wasmethods, for example, electron microscopy and pelleting
selected. The evaluation of the kinetic data was accomplishedassay {, 11). The inhibition by the compounds occurs in a

by use of the Biacore T100 evaluation software.

RESULTS

Lead Optimization of PTH®s first goals, we confirmed
and modified the core structure: a PTH, which was identified
previously by an in silico screer2), Several diverse PTH
analogues were obtained by variation of the substituents R1
R4 in Figure 3 to explore a preliminary SAR. The scaffold

concentration-dependent manner withd@alues in the range
of 1.3-194.5uM and DGy values in the range of 0-4168.7
uM. The results of all tested compounds are listed in Table
1 ranked by the concentration for half maximal inhibitory
(ICsq) activity.

Analysis of TawPTH Interaction by STD-NMR and
Surface Plasmon Resonanéedetailed SAR of compounds
can be achieved by STD-NMRL§). This method allows

does display a potentially unstable arylaminothiazole, but it one to map the interacting moieties of the compound as a

offers the possibility to synthesize a significant number of

basis for improving these sites specifically by chemical

! e 0
HoN” \n/ 2 BI‘H)L R o
(0] 0 . :
R2 S Rz N NH R R"R%N’N\(N
TRASS R2 . ) L 3 )
" : Pyricine " H \ﬂ/ ethanol H S \/2/ A
rt,12 h S reflux .
30 min R
NazCO3
! 4w 9
’ 2 NH r
0 HoN \g/ , QK©\ )
N HN S .
Il o) l‘\lH _ - R ©\N J\N’N _N .
N THF N N \r )
reflux NH ethanol S
B ©/ éﬁﬂrlﬁ,?n BSc3057 R = NO,
Na,CO3 BSc3058 R = Br

Ficure 4: Generic synthesis of PTHSs.
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Ficure 5: (A,B) Inhibition and depolymerization of tau aggregates by the PTH lead structure and two derivatives. The effect of the PTH
lead structure (BSc2436, dashed black curve) and two modifications on aggregation (A) and depolymerization (B) of K19 PHFs at increasing
concentrations was determined by the ThS assay. Two derivatives, BSc3015 (solid gray line) and BSc3016 (dotted gray line) are shown
here. The amount of aggregated tau was normalized to the control in the absence of compound. (C) Results of the ThS assay of the PTH
derivatives. Only those derivatives are listed whose half-maximal valugs ¢fMCs) are below 20Q«M.

modification. From the same experiments, one can alsoa function of the concentration. In case of a specific
calculate the affinity of the binding of the compound to the interaction, the data points can be described with a one-site
protein. As an example, we chose the interaction betweenbinding model. Data points of our titration show the
tau construct K18 and compound BSc3094 because it wascharacteristic behavior of a specific and saturable binding
one of the most potent inhibitors (Figure 6A). interaction up to a ligand concentration of 83:3v.

Using STD-NMR spectroscopy, we determined the binding Concentrations larger than this result in a nonsaturable
epitope of compound BSc3094 when interacting with tau binding behavior and follow a straight line compatible with
protein construct K18. We analyzed a sample consisting of honspecific interactions at these high concentrations. Using
10 uM protein construct K18 and a 3.33-fold excess of the the intensity of proton I, which showed the strongest STD
inhibitory compound BSc3094. The STD spectra showed effect in the determination of the binding epitope, we
strong effects for all protons between 10 and 23% (Figure obtained a dissociation constant of 212 uM (Figure 6C).
6A). From the STD spectrum, one can characterize the The results for the remaining protons are summarized in the
binding epitope by using relative integral intensities of the Supporting Information.

signals in spectrum (for further details, see f&). We Surface plasmon resonance on a Biacore instrument was
normalized the STD effects of the largest signal (proton I) used as a second method for the investigation of the
to 100% to get the relative STD effects shown in Figure interaction between tau construct K18 and inhibitor BSc3094.
6B. It is obvious that BSc3094 interacts closely with the The tau construct was immobilized on the chip’s surface,
protein receptor at the edge where protond are located.  and the ligand was passed over that surface in a PBS buffer
The second attachment site seems to be at the nitro groupat pH 7.2. We discovered that the interaction takes place
whose ortho protons also show high STD intensities. with a quite fast association rate of about 37001\ !
Involvement of the hydrazido group cannot be assayed by followed by a very slow dissociation. The binding of the
STD-NMR because of the fast exchange of the NH protons |igand was not completely reversible even when using
(see also Figure S1 in the Supporting Information). regeneration with hydrochloric acid. Thus, having the protein
For the determination of the dissociation constant of the immobilized, it seems that the interaction between protein
complex protein, K18 was titrated with ligand BSc3094. We and ligand has an irreversible component, which may be a
determined the STD amplification factor for each proton as chemical reaction or the formation of a very stable complex.
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Table 1: Summary of PTH Derivatives and the Results of the in Vitrgo(8®d DG, Values) and Cell Assays (LDH, Inhibition of Tau
Aggregation in Cells)

R R2 [R3 R4 [DH = | IC50 | DC50 | Wnhibit. in cells G A2 [R3 R4 [DH = | IC50 | DC50 | Inhibit. in cells
(%) (HM) (HM) (%) + (%) (HM) (HM) (%) +
NO, cl
BSc2998 ¢ In /©/ 50 81| 1s 12 607 | 102 BSc2761 . c|H ) 06| 07| 472 21.3 ND | ND
X X
1]
NO, BSc2784 /Q/Q c|H /@\/ 421[17.7| 592 | »200 | ND | ND
BSc3094 Cc |H /@’ 52 | 66| 16 0.7 822 | 3.7 x X o
X X Br
BSc3091 D c|H /@’ 38 | 52| 609 2.0 ND | ND
D o X
BSc3000 Cc |H /@/ 62 |46 | 19 1.0 60.5 | 6.7
Cl
x X BSc2780 0 c|H /Q 38 | 44 | 1465 | >200 | ND | ND
X X
> D ;
BSc3551 W |cin 12594 | 20 1.4 625 | 8.7 o d
M . BSc3058 O c|H 64 | 39 | 1465 | 200 | ND | ND
X
/I No, Cl F
BSc2994 . N C |H . 12933 | 34 0.7 ND | ND BSc2760 /@’ Cc |H Q/ 56.1 [11.9 | 183.8 | >200 ND | ND
X X
Br F
BSc2997 Q c|H /@’ 13650 | 33 05 ND | ND BSc3052 O/ clc /@ 184 [102| 1945 | 200 | ND | ND
X X X X
P NO, 0 0-
BSc3016 /@:) c|H O 93 | 41| 39 07 | e61 |11.4| |BSc3014 Q:) C |H ID 20 | 14| >200 | >200 | ND | ND
X X X X
F N F
BSc3012 Q’ ¢ |n /©/ W |42s| 20| 47 13 | wo |wol| |BSc2es0 c|u 26 | 13| >200 | >200 | D | ND
X X X X
F ,D BSc2779 /@' c|H /@\ 32 | 45| >200 | 200 | ND | ND
BSc2991 c|H /@/ 11 50| 49 0.7 ND | ND N x o~
X
x Br
F Br BSc3114 /\Q c|H /@ 33| 45| >200 | 200 | ND | ND
BSc3088 /©/ S=1y 27[90| 56 3.2 ND | ND x X
X o X
D BSc2995 c|H /@ 36 | 45| >200 | 200 | ND | ND
BSc3055 Cc |H /@r 153|121 58 15 ND | ND x
X . X
Br
NO, BSc3056 m c|H /@’ 42 | 18| >200 | 1687 | ND | ND
BSc3116 /D c |H /©/ 49 | 17| 63 0.8 ND | ND X X
x X o Br
3 NG, BSc3013 /©:0> c|H O/ 46 | 52| >200 | 200 | ND | ND
BSc3011 /@’ c|H /O/ 469 |67 | 69 0.9 ND | ND x X
X X
Br
/@,m O\N BSc2996 c|H /O’ 49 | 58| >200 | »200 | ND | ND
X
BSc2463 | c|c| o, | 47415 | 77 10.8 ND | ND «
4 NO, F Br
BSc3057 X"@ C |H 0 21 33| 108 | 335 N/D | ND BSc3001 ,©/ C|H /@ 49149 >200 | >200 | ND | ND
X X X
NO, F
B5c3089 m - O’ 187 a7 | 136 04 wo | o BScad0| LI 65| 45| >200 | 1271 | ND | ND
X X
7 BSc3054 /©© c|H /@ 82 | 51| >200 | 164 | ND | ND
BSc2992 | c|H 56.8 | 5.1 | 17.0 1.7 ND | ND X X
xS x
H Br
r 11, 3 7 /1 /1
BSc2781 c |H 15 [ 41| 180 | 202 ND | ND BSca090 /©:> ¢ |H O/ 5| 87| >200 | 31 ND | ND
X X X X N X
o 0;
-
BSc2993 J;)L c|H m 15454 | 232 | 111 | wp |wp| |BS0%8 X/©© ¢ |H xm 87| 97| >200 | 880 | ND | ND
X X
0,
BSc2782 /Q c|H /@ 14817 | 253 | 355 | ND |ND BSc3051 /QE) Cc|H X 18877 | >200 | >200 [ ND | ND
X X X %
) QL
BSc2785 XD LN ~ |83 29| 23 [ >200 [ ND | ND BSC3017 /@:} cln /@ 206| 87 | 5200 | 5200 | wo | D
X X
£
Cl
BSe3015 X/©/am ¢ |H XQ 55|20 338 | 165 | ND | ND BSc2783 /@’ c|H /@ 343 |49 | »200 | 200 | ND | ND
X X
Cl.
BSc2755 j@ c|H /©\ 43036 | 355 | 200 | D | ND o
* X Mo BSc2999 c|H m 447 |96 | >200 | >200 | ND | ND
F 0; 0. X X
BSc3010 /O/ c|H m 86 |39 | 472 | »200 | ND | ND
X XN ]
BSc2762 /@’ c|H va 481| 24| >200 | 200 | ND | ND
X

aThe percentage of inhibitory activity in tau-expressing cells was determined by counting of ThS positive cells in the presence or absence of
compounds. The best PTH derivatives with regard to inhibitory activity in cells are marked in bold.
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c .6 150 Uﬁ) é 40
g . proton | 2 1:“
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9 1.004
g 0756+ [ ] 0 p t .’ll i’ll "_‘LI I’—-L‘
B el DMSO BSc2998 BSc3094 BSc3000 BSc3016 BSc3551
% Ficure 7: (A) Tau expression, aggregation, and inhibition in a
o % cellular model. The left panels show the expression of tau after
lul del. The lef Is sh h i f f
E addition of doxycyclin, stained with tau antibody K9JA (red). Tau
o . . " aggregates are formed and can be detected by the fluorescence of
b = B L ThS (middle panel, green; right panel overlay). Top row, control
Cgscaogs [MM] without inhibitor compound; bottom row, with inhibitor compound

BSc3551 (1Q«M, 5 days). Note the strong reduction of aggregation
by the PTH compound. (B) Summary of data from compounds of
the PTH group on their capacity to inhibit tau aggregation in cells
and their cytotoxicity. Note that compound BSc3094 is the best
inhibitor in this series and has a low toxicity.

Ficure 6: (A) Expansion of the STD-NMR spectrum of compound
BSc3094 with tau protein construct K18. Top, norriidl NMR
spectrum of BSc3094; bottom, STD-NMR spectrum showing the
saturation effects of the aromatic protons (cf. text). (B) Binding
epitope of compound BSc3094 with tau construct K18 derived from
STD-NMR. Effects larger than 50% form the binding epitope. (C) .
Determination of the dissociation constant of the KB&Sc3094 tetrazolium salt (yellow) to formazan (red). The observed
complex by STD-NMR using the titration data for proton I. LDH release is related to the value for 100% cytotoxicity

Regression analysis of the data yieldK@= 62 + 12 uM. obtained by lysing all cells with 5% Triton X-100 or the
untreated DMSO control (0% cytotoxicity). The data show
Because of this irreversible component, strong variations of that the chemical modifications of the lead structure result
the d|SSOC|at|On rate constant were Observed SUCh that nqn a reduction of tOX|C|ty of the Compounds to cells from
dissociation rate constant and consequently als§gheould ~50% (lead structure BSc2463) down to the level of the
be determined. compound-free DMSO control. Table 1 summarizes the
Cell Toxicity of PTH Compound$o discriminate the toxic  cytotoxicity of the PTH group of compounds (see also Figure
effects on cells caused by the aggregation of tau, it was 7).
necessary to determine the effects of the compounds by Analysis of Tau Aggregation Inhibitors in an N2a Cell
themselves. This can be done by the LDH release assay adModel. For assessing the effects of inhibitory compounds
described previously, based on the fact that LDH is releasedwithin neuronal cells, we used the cell model of tauopathy
into the medium when the cell membrane becomes disrupteddescribed previouslyl@). In this model, the tau construct
and cells die 13). Only compounds that showed a low K18AK280, a strongly aggregating FTDP mutant comprising
cytotoxicity to uninduced cells (up to 10%) were included the four repeats of tau, is expressed in an inducible fashion
in further studies. After incubation of the N2a cells for 24 h by the addition of doxycyclin. The aggregation of tau in cells
with 15 uM compound, the fraction of lysed cells was can be visualized by the fluorescence of ThS, and aggregation
determined. An increase in the amount of damaged cellsproducts can be identified in cell extracts by electron
results in an increase of the LDH enzyme activity in the microscopy, immunogold labeling, and biochemical assays.
culture medium. The extent of cytotoxicity can be quantified In Figure 7A, the control experiment (in the absence of
photometrically at 500 nm due to the reduction of NAD compound, upper panel) shows numerous cells with tau
NADH/H* in the medium and the subsequent conversion of aggregates stained by ThS. The presence of aggregation
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inhibitors (for example BSc3551, 14M) strongly reduces  some of them that they were able to rescue the toxic effects
the number of ThS positive cells (bottom panel) after 5 days of tau aggregation in cellsl{, 13). Starting from this
of incubation (Figure 7B). database, new compounds were predicted by theoretical

The best compounds with regard to theisd@alues and ~ Procedures (computational scaffold-hopping) and verified
cell viability were tested in the anti-aggregation cell assay. after synthesis). Indeed, the resulting compound (BSc2463,
Five of these reduce the fraction of ThS positive cells by Pelonging to the group of PTHSs) had superior qualities in
about 66-80% as compared with the DMSO control. Taken ©rms of inhibiting tau aggregation and at the same time
together, the data obtained in vitro and on cells indicate that "@ving low toxicity to cells. This prompted the present
compound BSc3094 is the most promising inhibitor. It endeavor to diversify this type of compound and to determine

: : ; " its SAR. The resulting improvement wast-fold in 1Csg
achieves a reduction of aggregation-positive cells-180% : . o
while the cytotoxicity level of the compound is very low and~27-fold in DGy, the cytotoxmty_dec_reased almost to
(5.2 + 6.6%) (see Table 1) background levels, and tau aggregation in cells was reduced
' ] . . . ~80%. The PTHSs show a clear SAR, which makes it possible
As shown previouslyX3), the aggregation process causes , giscriminate them from so-called “promiscuous inhibitors”
toxicity and leads to the degeneration of the cells, which \yhich show noncompetitive, nonselective, SAR-independent
can be determined by the LDH release assay. Conversely,inhibitory activity (37, 38).
the prevention of aggregation by inhibitor compounds |, principle, the inhibitory effect of the compounds could
reduces the toxicity and retains the viability of the cells.  {51e place on different levels, for example, interference with
a particular tau conformation, association of dimers or
DISCUSSION oligomers, elongation of filaments, etc. In particular, a
AD is characterized by the simultaneous appearance Ofcompohung cofuldr:nterftlare with the |n|ftllgl.|gen%r$tlon oflgutc)lel
two types fofhpatgolpglcal %roteln d(;,-poslts " thg aAffe(zjcted g(r:h\?gt/eo} bey au[itgﬁtr b(ien(()nlri]r?gl %?Théocgrr:é(s).und Itf) fhoeuproteein
regions of the brain, made up of aggregate@ An : g !
aggregated tau protein. The distribution of aggregated tau ismbonom?r orfotI:gometr.' Oth(;zr. a[ttatrnat|¥es greththe steric
areliable |nd|c§tor of the progression of the qllseaS"e_IS)_. 0 strgc _|otn ? the pro ?t?:'pt:]o ein Im eraction dy € cofm-
and the elevation of tau in the cerebrospinal fluid is an POUNd, Interierence with the polyanionic inducers ol ag-
established marker of the disead®)( The ultimate cause ~ 9regation, induction of a conformation unfavorable for
oftau aggregation and is relationship wit aggregation 280 E88 bt e e e largely hydrophobic. Possiay,
are not well-understood at present. However, experiments™>“'"'F% : ' : '
from various cell and anirﬁ)]al models suggest pthat the the imidazol ring has the pote_ntlal to be protonatepl at the
reduction of tau and tau aggregation is beneficld, Q0— pH of th_e sample of 7.2 and might alsc_> be involved in polar
22). The same principle applies to other abnormal aggregat_w_lteractlons. On the other hand, the nitro group at the other
ing proteins in diseases of the brain and other organs, fors'daog thg rgolecgle r}as the poltennal to f(_)rrrr]n hydrogtlan bonds
cmple, . poyQ-contaning rotens, rrstyrt rin £ LRG0T g e, g, T e, oo
roteins, andx-synuclein 23—26). Therefore, combattin ,
Brotein aggregai/ion has %ecor%e a priority target in o?rug NMR technology. It is noteworthy that for the PTHSs tested
discovery today. Ir:c principle, Ithisbissue could behapproached ?Srce t;?areemicr:et?ge:;rl;ghrlgggg 1%(? Zgghdec%(r)kggﬁgéat:zﬂich
in various ways, for example, activating the immune 50, Sats '
response [as ir{the case qﬁglggreéates%)], Stabilization argu_es.that PHF inhibition and PHF breakdpwn are bas_ed
of nonamyloidogenic forms of the proteid), or activating onl S'm;:?erS“%%g'?es-l Thir% gre tWOd eé(geggggs Ifrorl; this
autophagy for clearing intracellular aggregat28)( How- ruie wi ¢ (IS 50) an ¢ (16

ever, the most straightforward approach is to find substancesPCs0) (see Figure 5C). In these cases, the pathways of
that interfere with aggregation directly. inhibition and depolymerization would be expected to differ

In the case of tau, two main approaches take priority at from each other mechanistically. Future studies should shed

present: (i) inhibition of tau phosphorylation and (ii) light on the underlying structural principles. .
inhibition of aggregation. The first approach is based on the In generql, usefql drugs can b.e developeq on the ba§|s of
assumption that the hyperphosphorylation of tau (observed2 combination of biological activity and druglike properties.
in AD) predisposes tau for aggregatio9( 30). This  'hus, the compounds identified so far will have to be
assumption is a matter of debate since tau phosphorylation?Ptimized with regard to oral bioavailability, aqgueous
in vitro tends to be antagonistic to aggregation, rather than SCIuPility, and metabolic clearance. This could be achieved
promoting it @1), but the advantage of the approach is that by removal of chem_lc_:ally reactive or toxic chemical groups.
the targets are enzymes (protein kinases or, indirectly, Eventually, the ability of druglike compounds to cross
phosphatases), which therefore represent attractive drugf)'dog'cal membranes will be a_cru0|a_l ISsue becaus_e the
targets. The second approach is more directly aimed at thedrugs have to cross the bloetrain barrier. Another point
aggregation process but is less desirable from a drug of.lmportance is the metabolic stapmty of the compound in
discovery standpoint because the target is the aggregatindnicrosomes and plasma. These kinds of tests would allow
protein itself, rather than a modifying enzyme. Nevertheless, s to (_:iefme and optimize the pharmaceutical profile of a
this type of approach has already yielded remarkable resultsPotential drug candidatesg).
(24, 32) and therefore deserves fur.ther exploration. ACKNOWLEDGMENT
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SUPPORTING INFORMATION AVAILABLE

Additional surface plasmon resonance data, methods of

synthesis, and NMR characterization of compounds. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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