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ABSTRACT: Inclusions comprised of fibrils of the microtubule- (MT-) associated protein tau are found in the
brains of those with Alzheimer’s disease (AD) and other neurodegenerative tauopathies. The pathology thatis
observed in these diseases is believed to result from the formation of toxic tau oligomers or fibrils and/or from
the loss of normal tau function due to its sequestration into insoluble deposits. Hence, small molecules that
prevent tau oligomerization and/or fibrillization might have therapeutic value. Indeed, examples of such
compounds have been published, but nearly all have properties that render them unsuitable as drug
candidates. For these reasons, we conducted quantitative high-throughput screening (QHTS) of ~292000
compounds to identify drug-like inhibitors of tau assembly. The fibrillization of a truncated tau fragment that
contains four MT-binding domains was monitored in an assay that employed complementary thioflavin
T fluorescence and fluorescence polarization methods. Previously described classes of inhibitors as well as new
scaffolds were identified, including novel aminothienopyridazines (ATPZs). A number of ATPZ analogues
were synthesized, and structure—activity relationships were defined. Further characterization of representa-
tive ATPZ compounds showed they do not interfere with tau-mediated MT assembly, and they are
significantly more effective at preventing the fibrillization of tau than the AB(1—42) peptide which forms
AD senile plaques. Thus, the ATPZ molecules described here represent a novel class of tau assembly inhibitors

that merit further development for testing in animal models of AD-like tau pathology.

Intracellular accumulations comprised of hyperphosphoryl-
ated forms of the protein tau are found within the somatoden-
dritic regions of neurons in Alzheimer’s disease (AD),' certain
frontotemporal dementias, and a host of additional neurodegen-
erative disorders that are broadly referred to as “tauopathies”
(for review see ref /). These tau lesions correlate with the severity
of dementia in AD (2—4), and missense mutations within the tau
gene lead to inherited forms of frontotemporal dementia with
Parkinsonism linked to chromosome 17 (FTDP-17) (5, 6). Thus,
tau has been directly implicated as a causative agent in AD and
related neurodegenerative diseases.

Normally, tau binds to tubulin and is believed to promote MT
assembly and stabilization (7—9). This role of tau is particularly
important in neurons, where the stability of MTs is critical for
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axonal transport and the delivery of cellular materials to and
from synapses (/0). Tau is normally phosphorylated, and the
extent of this posttranslational modification is believed to play an
important role in regulating MT dynamics (//). Thus, the
hyperphosphorylation of tau that occurs in tauopathies and its
sequestration into aggregates could reduce MT binding and
stabilization, thereby resulting in an impairment of axonal
transport with consequent synaptic dysfunction. Consistent with
this loss-of-function hypothesis are data which demonstrate that
hyperphosphorylation of tau can diminish MT binding (12—14)
as well as increase its propensity to fibrillize (15, 16). Moreover,
cell-based studies have shown that alterations of tau phosphoryl-
ation affect MT function (/7, 18), and altered axonal transport
has been demonstrated in a transgenic mouse model in which
overexpression of human tau leads to neuronal tau inclu-
sions (19). It is also possible that tau accumulations could
lead to neuropathology through a gain of one or more func-
tions (/, 20). For example, tau oligomers and/or fibrils might
cause direct neuronal damage through yet to be defined mechan-
isms. It should be noted that gain-of-function and loss-of-
function explanations of tau-induced neurodegeneration need
not be mutually exclusive, and it is possible that both mechanisms
contribute to disease.

Based on the current understanding of how multimeric tau
assemblies might lead to neuron dysfunction and degeneration,
several strategies for intervening in disease progression have been
proposed. These include identifying drugs that (1) stabilize brain
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neuronal MTs (19, 21), (2) reduce the effects of tau hyperpho-
sphorylation through kinase inhibition (117, 22, 23), (3) enhance
tau intracellular degradative pathways (24, 25), or (4) prevent tau
assembly into oligomers and/or fibrils (22, 26). Arguably, this
latter approach might abrogate both tau gain-of-function toxicity
attributable to the formation of oligomers/fibrils and loss-of-
function resulting from diminished tau binding to MTs due to its
sequestration into aggregates. Although inhibition of tau assem-
bly is a conceptually appealing approach for treating tauopathies,
disruption of macromolecular interactions of this type with small
molecule drugs is considered extremely challenging due to the
large surface areas involved in protein—protein binding. Further,
the molecular details of tau—tau interactions within assembled
fibrils are not fully understood, although it has been shown that
alteration of a single amino acid in one of the MT binding
domains of tau can render the protein fibrillization-incompe-
tent (27). Thus, it may be possible to shield this or other critical
sites in tau with a small molecule, thereby blocking tau assembly
into oligomers/fibrils.

The tau fibrillization process can be recapitulated in vitro with
the aid of anionic cofactors such as lipids or heparin (28—30),
using either full-length tau or truncated species of tau containing
the three or four MT-binding domains that are found in
alternatively spliced human tau isoforms (37). Utilizing such
fibrillization assays, prior attempts have been made to identify
inhibitors of tau assembly through high-throughput screening
(HTS) of compound libraries (32—34) or via rational chemistry
approaches (35—37). Several chemical series have been identified
that block tau fibril formation, including anthraquinones (33),
polyphenols (37), quinoxalines (32), phenothiazines (36), and
phenylthiazolyl hydrazides (35). However, with the exception of
the phenothiazine methylene blue (38), no compound has yet
been tested in vivo for its effect on tau deposition, neurodegenera-
tion, and behavioral impairments, and the majority of the
previously described molecules have chemical or biological
properties that likely make them unsuitable as CNS-directed
therapeutic agents.

To identify prototype inhibitors of tau assembly that exhibit
favorable combinations of potency, selectivity, and drug-like
physical—chemical properties, we performed quantitative HTS
(qHTS) of ~292000 compounds using a truncated form of tau
that contains four MT-binding repeats (32, 35) and harbors the
P301L tau mutation found in FTDP-17 (5). Tau fibrillization was
monitored by thioflavin T (ThT) binding and consequent fluor-
escence emission. In addition, we utilized a fluorescence polar-
ization (FP) measurement to assess tau multimerization, using
Alexa Red-tagged tau that can be incorporated into growing tau
assemblies. To our knowledge, this is the most comprehensive
screen for tau assembly inhibitors reported to date, resulting in
the identification of both previously described molecules as well
as a new compound series, the ATPZs, that effectively inhibit tau
fibril formation. A series of ATPZ analogues were synthesized
to highlight possible structure—activity relationships (SARs).
Furthermore, examination of representative active compounds
from this class showed that they do not interfere with tau-
mediated MT assembly. In addition, testing of ATPZ com-
pounds in tau and AB(1—42) peptide fibrillization assays suggests
that this class of inhibitors is largely tau-specific. Finally, the
ATPZs identified in these studies exhibit promising drug-like
properties with no violations of Lipinski’s rule of five (39).
Collectively, the data presented here suggest that this class of
tau assembly inhibitors holds considerable promise for the
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development of candidate compounds appropriate for in vivo
evaluation.

EXPERIMENTAL PROCEDURES

Tau Protein Preparations. Full-length tau (Taud0; amino
acids 1—441) (40), tau K18 fragment containing the P301L
missense mutation (5) (KI18PL, amino acids 244—369) (41),
and a nonfibrillizing K18 tau construct carrying the K311D
missense mutation (K18KD) (27) were cloned into the pRK172
expression vector, expressed, and purified as previously de-
scribed (42). To eliminate batch-to-batch variations that might
contribute to assay variability, K18PL from several preparations
was pooled so that a single homogeneous preparation was used
throughout qHTS.

Alexa Red Labeling of KISPL and KISKD. K18PL and
KI18KD were labeled with Alexa Red (Invitrogen) according to
the manufacturer’s protocol. Labeled protein was determined to
contain 1 mol of dye/3 mol of protein, following the quantifica-
tion method described in the manufacturer’s instructions.

Fibrillization Reactions. Tau fibril formation reactions were
performed essentially as described (32). For gHTS in a 1536-well
plate format, reagents were scaled to 25% of the amount used in
the previously described 384-well plate format (32). K18PL (2 uL
of a 30 uM stock that also contained 0.24 uM Alexa Red-labeled
KI18PL) was dispensed into black 1536-well plates using a
solenoid-based dispenser. Following transfer of 23 nL of test
compound or DMSO vehicle by a pin tool from compound
library plates, 2 uL/well of 40 uM heparin in reagent buffer was
dispensed, and the plate was centrifuged for 15 s at 1000 rpm in a
table-top centrifuge. The fibrillization reaction proceeded for 6 h
at 37 °C in a humidified incubator.

ThT Assay. K18PL fibril formation was quantified with a ThT
assay as previously described (32). Briefly, 1 uL/well of 62.5 uM
ThT in 100 mM glycine, pH 8.5 (12.5 uM final concentration), was
dispensed into 1536-well plates after completion of the fibrillization
reaction and incubated at room temperature for 1 h. Plates were
read on an Envision fluorescence plate reader with an excitation of
450 nm and an emission setting of 510 nm.

Tau Fluorescence Polarization (FP) Assay. A tau FP
method was developed to quantify Alexa Red-labeled K18PL tau
incorporation into multimeric tau assemblies based on a similar
methodology that was previously employed to measure the
oligomerization and fibrillization of a-synuclein (43). Although
Alexa Red-labeled K18PL tau preparations did not readily
assemble into fibrils under the conditions described above, the
fluorescently labeled tau could be incorporated into nascent
oligomers and fibrils with normal assembly kinetics when mixed
with unlabeled KI18PL at a 1:62.5 molar ratio. Under these
conditions, a fluorescence polarization increase of > 100 polari-
zation units (mP) was obtained upon completion of the fibrilliza-
tion reaction, as determined on an Envision fluorescence plate
reader using a Texas Red FP dual mirror, Texas Red FP
excitation filter at 555 nm, and Texas Red FP emission filter
(P and S channel) at 632 nm. The detector gains for each emission
filter were calibrated to obtain maximum mP values. FP values
were calculated from the S and P channel readings according to
the equation mP = 1000(S — GP)/(S 4+ G P), with the G value set
to 1. Total Alexa Red fluorescence emission was calculated using
the equation TF = S + 2P.

Comparison of KISPL Assembly Kinetics by ThT Fluor-
escence and FP. During assay validation, K18PL fibrillization
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reactions were concurrently monitored by ThT fluorescence
and FP as described above, with the exception that ThT
(12.5 uM) was present during the assembly reactions. Prior
studies (not shown) revealed that the time course of fibrillization
is similar in the absence or presence of ThT. FP and ThT
fluorescence were determined at regular intervals after the
initiation of the oligomerization/fibrillization reaction to monitor
the formation of ThT-positive and FP-positive K18PL assembly
products.

Compound Library. A total of 291948 molecules were
interrogated by qHTS using the KI8PL fibrillization assay
described above. Compounds were obtained from the NIH
Molecular Libraries Small Molecule Repository (222431
molecules), from the Centers for Chemical Methodology and
Library Development from Boston University, Kansas Univer-
sity, and the University of Pittsburgh (7145 molecules), and from
private and commercial sources (62372 molecules). Compounds
were prepared for gHTS as described (44).

Quantitative  High-Throughput  Screening (qHTS)
Procedures. The compound library underwent qHTS on an
integrated robotic platform (49) at six 5-fold dilutions ranging
from 56 uM to 18 nM (44). K18PL tau fibrillization reaction
components were dispensed into 1536-well plates as described
above. Each screening plate also contained 16 2-fold dilutions
beginning at 56 uM, in duplicate, of a previously identified
inhibitor, oleocanthal (46), as well as 32 wells of nonfibrillizing
KI18KD tau (containing a 1:62.5 molar ratio of Alexa Red-
labeled K18K D) and 32 wells of K18PL tau with DMSO vehicle.
FP analysis was conducted after ThT readings following the
methods described above.

Screening Data Analysis. Compound effects on tau assem-
bly were determined for the ThT and FP assays using the formula
1 - (Fcompound - FDMSO)/(Fcontrol - FDMSO): where Feontrol
denotes the median plate fluorescence values (ThT assay) or mP
values (FP assay) of the nonfibrillizing K18KD control wells,
Fpwmso denotes the median value of the DMSO control wells, and
Feompound denotes the compound well values. The resulting values
were multiplied by 100 to obtain the percent inhibition of tau
fibril formation. These normalized activity values were then
corrected by applying a pattern correction algorithm using
DMSO-only plates placed at 24 plate intervals in the screen, as
well as the beginning and start. Concentration—response curves
(CRC’s) were fit and classified as described (44). Four major
curve classes (1—4) were created based on the completeness of the
curve, goodness of fit, and efficacy. The compounds with class
1.1,1.2,and 2.1 curves are statistically the most reliable, while the
compounds with class 2.2 or 3 curves are less reliable, and class
4 compounds show no concentration response or little (<30%)
efficacy. Alexa Red total fluorescence (TF) measurements were
expressed as a percentage of the DMSO control value, with
values >30% indicating potential fluorescence interference. An
in-house auto scaffold detection program was used to cluster
2989 FP actives (curve classes 1 and 2.1, as well as class 2.2 curves
with >50% efficacy) yielding 514 structural series containing at
least three compounds of which at least one was active in addition
to 755 singletons. All of the screening data were deposited into
PubChem (AIDs 1460, 1463, and 1468).

Centrifugation and Electron Microscopy (EM) Assays.
The determination of compound-induced effects on the amount
of tau that remains soluble upon centrifugation and EM visua-
lization of tau species following incubation with test compounds
were as previously described (32).
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MT Assembly Assay. The effect of compounds on tau-
mediated MT assembly was essentially as described (42), adapted
to a 384-well plate. Wild-type K 18 tau was used for MT assembly
because K18PL has a decreased ability to promote MT assembly.
Lyophilized bovine brain tubulin was reconstituted in RAB
(100 mM MES, pH 6.9, | mM EDTA, 0.5 mM MgSO,) at a
concentration of 10 mg/mL. Compounds (61.3 uM) were added
to KI8 tau (49 uM) in RAB and preincubated at room
temperature for 60 min. To initiate the MT assembly reaction,
8.25 uL per well of 10 mg/mL tubulin was dispensed on a
UV-clear 384-well plate, followed by 1.0 uL of 100 mM GTP
in RAB and 40.75 uL of the compound—tau mixture. This
resulted in a final reaction mixture of 30 M tubulin, 40 uM
K18, 50 uM compound, and 2 mM GTP. The plate was
incubated in a Spectramax M5 plate reader at 37 °C, and the
absorbance at 340 nm was read every minute for 45 min.

AP ;—4> Fibrillization Assay. Synthetic AS(1—42) peptide
was resuspended in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at
aconcentration of S mg/mL for 30 min and then air-dried in small
aliquots, followed by storage at —80 °C. For fibrillization
assays (47), HFIP-treated AfS(1—42) aliquots were reconstituted
to 2 mg/mL in DMSO and then diluted to 15 M in 25 mM Tris,
pH 7.0, buffer to which test compound was added at 50 uM final
concentration or at several concentrations ranging from 0.16 to
40 uM. The reaction mixtures were dispensed at 25 uL/well into a
384-well plate and then incubated at 37 °C for 4 h. Upon
completion of the reaction, 25 uL of 25 uM ThT was added to
each well followed by ThT fluorescence readings as described
above for K18PL.

Caspase-1 Assay. Caspase-1, kindly provided by Dr. James
Wells (University of California, San Francisco), was purified as
described (48) and assayed at 100 nM in buffer containing 50 mM
HEPES, pH 7.5, 50 mM KCI, 200 mM NaCl, and 0.1% CHAPS.
Caspase-1 was dispensed at 3 uL/well into black solid 1536-well
plates and incubated for 5 min with various concentrations of test
compound, with subsequent addition of 1 uL/well Ac-WEHD-
AFC substrate (20 uM final concentration). Within 1 min of
substrate addition, fluorescence intensity (405 nm excitation and
525 nm emission) was measured on a ViewLux (PerkinElmer)
every 30 s for 10 min. The first 3 min of fluorescence values were
linear and used to calculate the slope of substrate conversion as a
measure of enzyme activity.

fB-Lactamase Assay. The f-lactamase promiscuous inhibitor
assay was adapted from a previously published method (49).
Reactions (0.15 mL final volume) were performed with test com-
pounds dissolved in DMSO or with DMSO alone (2% final v/v)
in 50 mM potassium phosphate, pH 7.0, containing 1.6 units/mL
p-lactamase (Sigma P4399). Reactions were conducted in either
the absence or presence of 0.01% Triton X-100 to determine
whether detergent-sensitive compound aggregates inhibited
p-lactamase. After incubation for 5 min at room temperature,
CENTA f-lactamase substrate (Calbiochem 219475) was added
to a final concentration of 5 uM. Enzyme activity was monitored
by changes in optical density at 405 nm in 96-well clear plates
(Fisher 12-565-501) using a Spectramax M5 reader at 15 s
intervals for 5 min. Substrate background was subtracted from
the readings as was the initial reading to account for any
compound absorbance. The slope of the increase in optical
density was calculated by linear regression (Graphpad Prism)
and considered the initial velocity of the reaction. The percent of
p-lactamase inhibition was determined from the ratio of initial
velocity in the presence of compound to the initial velocity of the
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vehicle control. The percent inhibition in the absence or presence
of 0.01% Triton X-100 was compared, and if the compound
inhibited S-lactamase by >25% in the absence of detergent but
by <10% in the presence of detergent, it was considered a
promiscuous inhibitor. Rottlerin (Sigma R5648) was used as a
positive control (53% inhibition in the absence of Triton X-100)
and Furosemide (Sigma F4381) as a negative control (3%
inhibition in the absence of Triton X-100).

Size- Exclusion Chromatography (SEC) of Tau40 Fibril-
lization Reaction Postcentrifugation Supernatants. Taud0
(20 uM) and heparin (50 uM) were incubated in a PCR tube
with or without the compound MLS000062428 (50 uM) at 37 °C
for 5 days in a final volume of 50 uL of 100 mM sodium
acetate buffer, pH 7.0. In the absence of compound, taud0
fibrillization is complete under these conditions, as determined
by ThT fluorescence and centrifugation assays. A nonassembly

control reaction was also prepared as above with taud0 and
MLS000062428 in the absence of heparin. The completed reac-
tions were centrifuged at 40000g for 30 min to sediment fibrils,
and the supernatants were applied to a Superdex 200 10/300
column (GE Healthcare) employing an Akta Basic FPLC unit
(GE Healthcare) with a flow rate of 0.4 mL/min. Tau elution was
monitored by absorbance at 280 nm. Under these chromatogra-
phy conditions, monomeric tau can be separated from oligomeric
species (27).

Synthesis of ATPZs. MLS000034832 (5a), MLS000062428
(5b), NCGC00183206 (5¢), NCGC00183204 (5d), NCGC00183205
(5e), NCGC00183195 (5f), NCGC00183326 (5g), NCGC00183325
(5h), NCGC00183199 (6a), and NCGC00182500 (6b), were synthe-
sized (Scheme 1) following a modified procedure (50). Commer-
cially available anilines (1a)—h were converted to aryl diazonium
salts 2, which reacted with S-ketoesters to form hydrazones 3 as a
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mixture of £/Z isomers. Condensation reactions of the hydrazones
with ethyl cyanoacetate gave pyridazines 4. Subsequently, reactions
of pyridazines 4 with sulfur under Gewald conditions generated
5a—h. Saponification of 5a,b gave the corresponding 6a,b.

NCGC00182501 (8d) was synthesized by a DMC-mediated
coupling reaction between acid 6b and diethylamine. NCGC-
00183201 (8a), NCGC00183202 (8b), and NCGC00183200 (8c)
were prepared by a reaction sequence starting from 4a as depicted
in Scheme 2. Hydrolysis of 4a under acidic condition yielded 7a.
Amide 7b was formed by reacting 4a with ammonium. Coupling
reactions of acid 7a with appropriate amines followed by Gewald
reaction yielded the desired amides 8a—c.

NCGC00182502 (9a), NCGC00183197 (9b), and NCGC-
00183198 (9¢) were prepared by reactions of Sa,b with appro-
priate acid chlorides, as shown in Scheme 3.

The preparation of NCGC00183207 (14) is illustrated in
Scheme 4. EDC-mediated coupling reaction of acid 7a with
tert-butyl carbazate followed by Boc deprotection gave hydrazide
10. The hydrazide reacted with nitrous acid in acetic acid
produced carboazide 11. Curtius rearrangement of 11 in ethanol
followed by Gewald reaction gave ethyl carbamate 13. Under
basic condition, the carbamate was converted to the desired
amine 14. NCGC00183196 (15) was prepared by LiAIH, reduc-
tion of ester Sa (Scheme 5).

Compound Identity and Purity Determination. All com-
pounds underwent purity and mass determination using the
reverse-phase HPLC/MS (ESI™) method with elution monitoring
by UV absorbance (220 nm) and evaporative light scatter (ELS).
Analyses were performed at a flow rate of 0.5 mL/min on a
Waters Acquity UPLC system using a Phenomenex 2.5 um Luna
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C18(2)-HST 100 x 2 mm column at 45 °C. A linear 2—100%
acetonitrile (0.025% TFA)/H,O (0.05% TFA) gradient was
utilized over 2.2 min, with a total run time of 3.0 min. Purity

was assessed by integration of chromatograms (UVjsgn, and
ELSD).

RESULTS

Compound Screening and Analysis. We previously de-
scribed a screen, conducted in a 384-well plate format, in which
fibril formation by the tau K18 fragment that contains four MT-
binding domains was monitored by the binding and fluorescence
of thioflavin T (ThT) (32). This methodology was modified here
to allow screening in a 1536-well plate format, utilizing a
modified K18 fragment containing the P301L mutation
(K18PL) found in patients with FTDP-17 (5, 6). The K18PL
fragment forms fibrils more rapidly than wild-type K18 (5/),
thereby allowing faster screening times. Dithiothreitol (DTT)
was eliminated from the reaction because this reagent could
chemically interact with certain compounds, resulting in tau
oxidation and false-positive activities (32, 52). Finally, Alexa
Red-labeled K18PL was included at a 1:62.5 molar ratio to
unlabeled K18PL to assess differential FP caused by the forma-
tion of tau oligomers/fibrils. We previously developed a compar-
able FP assay to assess the oligomerization and fibrillization of
a-synuclein (43), which is found within Lewy body inclusions
that are a signature of Parkinson’s disease. Importantly, and in
contrast to the ThT assay, the FP readout does not rely on a
cross-p-fibril structure to elicit a positive signal and is instead
dependent on the formation of multimeric species that can slow
the rotational freedom of incorporated Alexa Red-labeled
K18PL.

Whereas multimeric species of o-synuclein could be detected
by FP prior to the formation of ThT-positive fibrils (43), K18PL
tau assembly results in essentially identical FP and ThT kinetics
(Figure 1). As the fibrillization of amyloid proteins is believed to
proceed only after the formation of nucleation cores (53), this
result suggests there is a considerably shorter lag time between
the assembly of nucleating cores and subsequent fibril forma-
tion with KI8PL tau compared with o-synuclein. This is in
keeping with the observation that maximal fibril formation
occurs within ~6—8 h with K18PL (Figure 1) compared to
60—80 h for a-synuclein (43). Although the time course of FP and

LR e
s

Reagents and conditions: (i) EDC, NH,NHBoc; (i) MeOH, HCl/dioxane; (i) HOAc, NaNO,; (iv) EtOH, MW, 150 °C, 10 min;
(v) Sg, morpholine, MW, 150 °C, 10 min; (vi) EtzN, EtOH/H,0, MW, 170 °C, 30 min
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ThT changes are similar with K18PL tau, utilization of the FP
measurement in conjunction with ThT fluorescence allows for the
differentiation of compounds that block the initial stages of tau
assembly from those that preferentially interfere with the growth
of fibrils. The former would be expected to elicit similar inhibition
of both ThT and FP signals, whereas the latter should inhibit
ThT fluorescence while having a substantially lesser effect on FP.

The combined ThT/FP assay was optimized through trial HTS
using 1536-well test plates to ensure that automated reagent
dispensing would provide low coefficients of variation (CV) and
Z values (54) exceeding 0.5. Subsequently, a ~292000 compound
library was screened at six concentrations ranging from 56 uM to
18 nM for each compound. The combination of good signal-to-
background and low CV values resulted in average plate Z-scores
of 0.85 & 0.12 and 0.79 + 0.03 for the ThT and FP analyses,
respectively. All of the compound data were computationally
analyzed following the completion of the screen, with an evalua-
tion of compound concentration dependency using both end
point measurements. Each compound was categorized as belong-
ing to one of four possible CRC classes, as summarized in
Figure 2A. Although some compounds were identified that
appeared to enhance K18PL fibril formation, as evidenced by
an increase in ThT fluorescence and/or FP, only compounds that
caused an apparent decrease in tau assembly were deemed of
interest. Furthermore, class 3 compounds, which are defined as
showing inhibition of ThT or FP signal at a single concentration
or poorly fit curves, were excluded. As depicted in Figure 2B,
a total of 7094 compounds (2.4%) showed either a class 1.1, 1.2,
or 2.1 concentration-dependent inhibition of ThT fluorescence.
A smaller number of compounds (1011 or 0.3%) were identified
that caused a similar inhibition of FP signal, and 285 of these
overlapped with the ThT-positive cohort (Figure 2B). Relaxation
of the stringency to include class 2.2 FP active compounds
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with >50% maximal inhibition increased the overlap with class
1.1-2.1 ThT active molecules to 967 compounds. Compounds
with this profile were of particular interest, as meaningful
inhibition in both the FP and ThT assay suggested that these
molecules were affecting the earlier steps in tau assembly. The
observation that there were significantly more compounds that
were class 1.1—2.1 inhibitors of ThT fluorescence than FP likely
reflects both an abundance of compounds that are competitive
inhibitors of ThT binding to tau fibrils (34) and compounds that
preferentially affect fibril growth rather than initial oligomer
assembly.

All FP class 1 and 2.1 compounds, as well as those from class
2.2 with >50% efficacy (2989 total), were grouped into clusters
comprised of shared core structural elements. This resulted in
514 series for which there were at least three related compounds
within the screening library. After structural clustering, only
compounds that were active in both the FP and ThT assays
were considered further. These compounds were examined for
their activities in other PubChem screens, and those found to be
nonspecific (as evidenced by an unusually large number of
interactions with other targets) were deprioritized. In addition,
compounds that showed a large (>50%) reduction of Alexa
Red total fluorescence were removed from further consideration
as they were likely attenuating fluorescence emission and affect-
ing the accuracy of the FP and ThT measurements. Finally,
compound chemical structures were carefully examined to seg-
regate unwanted series bearing reactive or unstable functional
groups.

After triaging the structural series by the above criteria,
compounds of interest were analyzed for proper molecular mass
and purity. A small subset of seven compounds with >85%
purity and a diversity of structures was selected for follow-up
analyses as summarized in Table 1. The compounds had compar-
able ICsy values with both the ThT and FP primary screen
readouts, although the maximal inhibition observed in the ThT
assay was typically much greater than that observed with FP.
This result suggests that these compounds cause nearly quanti-
tative inhibition of the cross-f3-fibril structures that are required
for ThT binding and fluorescence but incomplete inhibition of
assembly into multimeric structures that contribute to the FP
signal. In all cases, the ICs, values clustered between | and 10 uM
for both the ThT and FP end points. Since 15 M tau was utilized
in the screen, it is likely that the inhibitory activity is limited by
compound-to-tau stoichiometry such that ~1:1 compound:tau
molar ratio is required for maximal inhibition.

Screening Hit Confirmation. The compounds listed in
Table 1 were retested in the KI18PL ThT assay to confirm that
the primary screening results were reproducible. Upon repeat
analysis, all of the compounds caused at least 70% maximal
inhibition in the ThT assay (Table 1). The majority of the
compounds showed maximal inhibition values that were com-
parable to those observed in the primary qHTS, but there was a
fairly uniform shift in the ICs, values to lower potency. It should
be noted that the primary qHTS was conducted with single
determinations per compound concentration while the repeat
testing was performed with duplicate samples at each of the tested
concentrations. Thus, variations in curve fitting may have
contributed to differences in the 1Cs, values between analyses,
with the duplicate values of the repeat analyses likely resulting in
more accurate determinations.

The ability of the selected compounds to inhibit K18PL fibril
formation was also examined by determining whether they would
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Complete response (1.1) | >80% (1.1)
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FIGURE 2: Description of CRC’s and number of screening hits. (A) CRC’s obtained from qHTS were fit and classified as belonging to one of four
major curve classes based on curve-fit and efficacy metrics. Class 1 and 2 compounds were further defined as subclass X.1 or X.2, depending on the
compound total efficacy (maximal inhibition based on curve-fit data). Graphs are included for clarity and provide example inhibition curves.
(B) The number of compounds from the K18PL qHTS campaign that were classified as class 1 or 2.1 using the ThT and FP readouts. The number
of compounds active in ThT only, FP only, and both ThT and FP are indicated.

cause an increase in the percentage of tau that remained in the
soluble fraction upon centrifugation, as previously described (32).
Tau fibrils readily sediment upon centrifugation, and all of the
compounds in Table 1 caused > 50% reduction of K18PL in the
pellet fraction when tested at a single concentration of 100 uM
(see Figure 3A and Table 1). The percentage of soluble tau in the
centrifugation assay was somewhat less than the maximal percent
inhibition observed in the ThT assay for all compounds. This
presumably reflects the presence of multimeric tau species that
lack sufficient cross-3-fibril structure to allow ThT binding, yet
which have sufficient density to sediment during centrifugation.
To confirm that compound-mediated reductions of KI18PL
sedimentation after centrifugation resulted from an inhibition
of fibril formation, the pellet fractions obtained after centrifuga-
tion of compound—tau reaction mixtures were examined by
transmission electron microscopy (EM) and were graded for
the presence of fibrils using a semiquantitative four-point scale

(Figure 3B,C). All of the compounds disrupted fibril structure as
evidenced by a score >2 (Table 1).

Although previous studies have demonstrated that tau frag-
ments such as K18PL form fibrils which resemble those observed
in tauopathies (32), it was important to demonstrate that the
compounds could disrupt assembly of full-length taud0. As
summarized in Table 1, all of the compounds caused at least a
60% inhibition of ThT fluorescence in the taud0 assay when
tested at 50 uM concentration. These data thus confirm that the
selected compounds identified in the K18PL screen affect full-
length tau in addition to the truncated tau fragment.

Characterization of Novel ATPZ Inhibitors of Tau
Assembly. Upon completion of confirmation testing of the
selected compounds, secondary analyses were conducted with
the two compounds containing the ATPZ scaffold. Compounds
with this core scaffold have not previously been reported to
inhibit tau fibrillization, and thus these molecules appear to
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Table 1: Activities of Selected Tau Fibrillization Inhibitors from the Primary gHTS with Repeat Analyses and Secondary Assays

Total Repeat ThT
1° ThT Screen' 1° FP Screen' Fluor’ Assay’ 2° Assays’
Structural Curve | Log % Curve Log % Log Centrifugation Tau40
Compound Structure Class class 1Csp Inhib class 1Cso Inhib % Inhib 1Cso % Inhib % Soluble EM % Inhib
O o "
Qi
s Aminothieno-
MLS000062428 e pyridazine 2.1 -5.0 94 2.2 -5.0 46 49 -4.5 97 80 2 64
o
Qi
“I*/ Aminothieno-
MLS000034832 oo pyridazine 21 -5.0 80 1.2 -5.3 35 4 -5.1 93 73 2 62
o
o, NH:
NCGC00093795 "DD)\r Catecholami 1.1 -5.5 96 1.2 -5.7 58 36 -5.0 103 70 2 89
Hol
N NYN 1 N
MLS000339510 J ° O\ON Thiourea 1.1 -5.7 93 1.1 -5.5 73 33 -5.0 70 51 2 74
[N
o™
Z »s .
N P Hydrazinyl-
MLS000530738 © OH dihydrothiazole 1.1 -5.7 97 1.2 -5.8 48 36 -5.0 92 58 4 83
Nos
',
“ W8 o Hydrazinyl-
MLS000530726 ONOH dihydrothiazole 1.1 -6.0 99 1.2 -5.8 66 34 -5.8 95 74 3 84
2
HOW/QN/HS%:]
MLS000058666 © / Benzimidazole 1.2 -5.4 65 1.2 -5.1 41 <10 -3.1 84 56 3 81

"Data from primary qHTS with K18PL tau. Curve class, ICs, values, and maximum % inhibition for ThT fluorescence and FP are as described in
Experimental Procedures. ° Percent inhibition of Alexa Red total fluorescence as described in Experimental Procedures. *1Cs, values and maximum %
inhibition in repeat testing of K18PL tau ThT fluorescence. *Secondary testing of compounds in the K 18PL tau centrifugation assay followed by EM analysis
and Taud0 ThT fluorescence assay as described in Experimental Procedures.

represent a novel class of tau assembly inhibitors. Moreover,
these compounds showed drug-like structural features meriting
their further characterization. We assessed whether these mole-
cules interfered with the ability of tau to bind and stabilize MTs.
Asdepicted in Figure 4A, neither of the ATPZs had a meaningful
effect on tau-mediated tubulin polymerization. In contrast,
methylene blue, a promiscuous compound active in a high
percentage of PubChem screens (data not shown), caused a
significant diminution of tau-facilitated MT formation. The
ATPZs were also tested for their ability to block the fibrillization
of AB(1—42), an amyloid peptide found within senile plaques in
AD brain (55). The compounds were less effective in blocking
AB(1—42) fibril formation, as judged by ThT fluorescence, than
they were in inhibiting tau fibrillization (Figure 4B). Thus, these
data suggest that the ATPZs preferentially block tau assembly,
but the extent to which this selectivity extends to other amyloi-
dogenic proteins awaits further testing.

The observation that the ATPZs caused greater ThT than FP
inhibition in gHTS (Table 1) suggested that they might be more
effective in preventing tau fibrillization than oligomerization. To
further investigate the nature of the tau that remained in solution
after incubation with an ATPZ inhibitor, aliquots of the post-
centrifugation supernatants from full-length taud0 fibril assem-
bly reactions conducted in the presence or absence of 50 uM
MLS000062428 were analyzed by size-exclusion chromatogra-
phy (SEC) to allow for the separation of monomeric tau40 from
larger oligomeric species (27). As shown in Figure 5, inclusion
of MLS000062428 caused an appreciable increase within the
postcentrifugation supernatant of the amount of monomeric tau
relative to the untreated fibrillization reaction and also led to
detectable oligomeric species that eluted in the column void
volume. For comparison, the amount of monomeric tau in the
supernatant fraction from a nonfibrillizing mixture of tau40 and
MLS000062428 incubated in the absence of heparin is also
depicted in Figure 5. These data suggest that MLS000062428
prevents the transition of tau oligomers to full fibrils, which could

have beneficial consequences by preventing the formation of
potentially neurotoxic fibrils and by increasing the pool of tau
monomer that would be available to stabilize M Ts.

The promising properties of the ATPZ class of tau assembly
inhibitors led to the synthesis of additional analogues with the
aim of evaluating possible SAR. As listed in Table 2, a series of 21
analogues were synthesized which exhibited a variety of substitu-
tions of the ATPZ core structure. In addition, the previously
tested compounds MLS000034832 and MLS000062428 were
resynthesized to confirm batch-to-batch reproducibility. All
synthesized compounds were characterized by NMR and LC-
MS analyses, and in all cases the purity level was >85% as
determined by LC-MS. As summarized in Table 2, all of the
ATPZ compounds had physicochemical properties that are
consistent with prevailing guidelines for drug-like com-
pounds (39).

The various ATPZ analogues were evaluated in the KI18PL
ThT and sedimentation assays to determine their ICs values and
percent maximal inhibition (Table 2). As expected, resynthesized
MLS000034832 and MLS000062428 showed nearly comparable
activity to the samples from the original screening library
(compare values in Tables 1 and 2). The results summarized in
Table 2 reveal certain emerging SAR trends. For example, while
N-acylations (R1, entries 2—5) as well as substitution in the C-5
position (R2, entries 5 and 6) can result in a dramatic loss of
activity in the biochemical assays, structural modifications in the
fragment linked at C-4 (R3, entries 7—14) appear to be generally
well tolerated. Indeed, compounds bearing R3 modifications
have been identified that appear to cause greater maximal
inhibition in the ThT and centrifugation assays than the original
hits identified during qHTS (compare entries 1 and 15 with
entries 7—9 and 13). Interestingly, these data reveal that the
activity of the ATPZ is not dependent upon the presence of the
ester moiety at C-4 (compare respectively 1 and 14, 15 and 13),
thereby suggesting that the ATPZs do not inhibit tau fibrilliza-
tion via acylation mechanisms. Furthermore, although the
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FI1GURE 3: Representative examples of K 18PL fibrillization reactions performed in the absence and presence of test compounds as assessed by the
centrifugation assay and EM analysis. (A) SDS—PAGE analysis of supernatant (s) or pellet (p) samples obtained following centrifugation of
K18PL fibrillization reactions conducted in the presence of DMSO vehicle, 100 «uM MLS00062428, or 100 uM MLS000034832. The gel was
stained with Coomassie Blue. (B) Representative electron micrographs of objects visible at the end point of K18PL fibrillization reactions
containing 100 uM (a) MLS000062428 or (b) MLS000034862. The micrograph is shown at 100000x with the bar representing 100 nm. (C) EM
grading system used to judge fibril content in Table 1: (a) grade = 0, all fibrils in clumps, no fragments; (b) grade = 1, small fibril clumps, free
filaments, and some pieces; (¢) grade = 2, filaments and pieces but no clumps; (d) grade = 3, short filaments and tiny pieces; (¢) grade = 4, only

tiny pieces; (f) no objects.

correlations between biological activity and the stereoelectronic
properties of phenyl moieties (R4) are not entirely clear, the
nature, number, and position of the substituents in the aromatic
ring appeared to modulate ATPZ activity. Thus, among the
monosubstituted phenyl derivatives, p-Me and p-COOEt clearly
had reduced activity, whereas other para substitutions (e.g.,
-OMe, -Cl, -F; entries 1, 16, and 20, respectively) were well
tolerated. In contrast, ortho- and meta-substituted analogues, as
well as 3,4-disubstituted derivatives, were comparatively less
potent.

The ATPZ analogues were also examined in the AB(1—42)
fibrillization assay to determine whether the relative lack of
activity observed with the representatives from the screening
library (Figure 4B) was characteristic of the series as a whole.
As summarized in Table 2, none of the ATPZ compounds caused
>45% inhibition of AB(1—42) fibril formation when tested at
80 uM, and thus 1Cs, values were not determined. Although
there was some variation in the extent of maximal inhibition of

Ap(1—-42) fibrillization within the series, it appears that in general
the ATPZs are significantly more effective at preventing the
multimerization of tau than AS(1—42).

The observed SAR within the ATPZ series, coupled with the
relative lack of activity in the MT assembly and Ap fibrillization
assays, suggests that compounds from this class are preventing
tau fibril formation through a selective interaction. This is further
borne out by the observation that the two active ATPZ com-
pounds from the screening deck (MLS000034832 and
MLS000062428) do not show signs of promiscuity as evidenced
by a general inactivity in other screens conducted at the NIH
Chemical Genomics Center. Moreover, all of the ATPZ com-
pounds in Table 2 were inactive in a f-lactamase enzymatic
assay (49) that is sensitive to promiscuous molecules that tend to
form aggregates (data not shown). To further confirm that the
ATPZs act in a selective manner, the compounds in Table 2 were
tested for activity in a caspase-1 assay that is known to be
sensitive to nonspecific oxidizing agents because of an active site
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cysteine that must remain in the reduced state for enzymatic
activity (56). None of the ATPZs caused inhibition of caspase-1
activity when tested at concentrations up to 10 uM (data not
shown). Thus, the ATPZs do not appear to be oxidizing agents,
and their ability to prevent tau assembly presumably relates to a
specific molecular interaction.
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FIGURE 4: Effects of ATPZ tau fibrillization inhibitors on tau-
mediated MT assembly and AB(1—42) fibril formation. (A) Repre-
sentative traces of tau-induced microtubule assembly in the presence
of 50 uM test compounds or DMSO as described in Experimental
Procedures. (B) Comparison of K18PL tau and AS(1—42) fibrilliza-
tion in the presence of ATPZs.
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DISCUSSION

A body of evidence suggests that somatodendritic accumula-
tions of hyperphosphorylated tau lead to neurodegeneration in a
variety of diseases that are broadly referred to as tauopathies
(reviewed in ref 7). This provides an impetus to identify disease-
modifying interventions that will mitigate the effects of tau
aggregates in hopes of improving clinical outcome in AD and
related diseases. Although there has been a vigorous effort within
the pharmaceutical sector to identify small molecule drugs that
will reduce the senile plaque burden in AD, there appear to be
significantly fewer programs directed to the discovery of com-
pounds that abrogate the effects of tau pathologies. To date, most
tau-directed drug discovery efforts appear to be focused on the
identification of inhibitors of the kinases responsible for tau
hyperphosphorylation (23, 57) as enhanced phosphorylation of
tau increases its propensity to form fibrils (15, /6) and decrease its
normal interaction with MTs (14, 58, 59).

An alternative strategy to reduce the consequences of patho-
logic tau is to prevent its assembly into oligomers and/or fibrils.
Although small molecules are typically viewed as being ineffec-
tive at blocking protein—protein interactions such as would occur
during tau fibril assembly, there is evidence that tau—tau inter-
actions can indeed be inhibited by small molecules. A number
of compounds have been reported to inhibit tau fibrilliza-
tion (32—35, 60), and although many of these do not show
drug-like properties, they nonetheless provide proof that small
molecules can block tau fibril assembly. Furthermore, it has been
demonstrated that a single amino acid change within a region of
tau that is critical for fibrillization renders it fibril-incompe-
tent (27). Thus, further exploration of small molecule chemical
space could identify drug-like compounds that prevent tau
multimeric assembly, and such compounds might be further
refined as potential therapeutic agents. With this goal in mind, we
developed and optimized an assay that monitors the formation of
tau oligomers and fibrils, utilizing a tau construct (K18PL)
(32, 41) that contains all four of the known M T-binding domains
as well as the P301L mutation that has been described in FTLD-
17 patients (3, 6). This assay was utilized in gHTS of ~292000

monomer
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FIGURE §5: Inhibition of tau assembly by MLS000062428 increases both monomeric and oligomeric tau content. Tau40 fibrillization reactions
were performed in the presence or absence of MLS000062428, and a nonfibrillizing control reaction was conducted with tau40 and
MLS000062428 in the absence of heparin. Following incubations as described in Experimental Procedures, the reaction mixtures underwent
centrifugation, and the resulting supernatant fractions were analyzed by SEC to determine the relative content of tau monomer and oligomer. The
chromatographs shown correspond to the nonfibrillizing control (gray trace) and fibrillization in the absence (dashed trace) or presence (black
trace) of MLS000062428. The column void volume (V) was defined by the elution of blue dextran, and the elution volumes of bovine serum
albumin (BSA, 66 kDa) and cytochrome ¢ (cyt ¢, 12 kDa) are also indicated. Tau is a highly unstructured protein that is known to elute upon SEC

with an aberrantly high apparent molecular weight (7).
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Table 2: Summary of Novel ATPZ Compounds

Tau ThT Assay’

Tau
Cent.
Assay‘

Ap42
ThT

Assay5

Entry

Compound

PCP?

Log
1Cso

%
Inhib.

%
Soluble

% Inhib.

MLS000062428

MW:345.4
PSA: 94.2
ClogP: 2.6

-5.3

64

28

NCGC00182502

MW: 463.5
PSA: 97.3
ClogP: 4.3

NC

31

ND

NCGC00183197

MW: 357.4
PSA: 88
ClogP: 2.6

NC

27

NCGC00183198

MW: 419.5
PSA: 88.1
ClogP: 4.3

NC

NCGC00183210

Ph

MW: 299.3
PSA: 61.8
ClogP: 2.9

NC

-11

NCGC00183195

-COOEt

Ph

MW: 329.4
PSA: 85
ClogP: 2.8

35

21

NCGC00182501

/\NJLE‘{
k

MeoOg—

MW: 372.5
PSA: 88.2
ClogP: 2.5

95

99

35

NCGC00183196

HO ¥

Ph

MW: 273.3
PSA: 78.9
ClogP: 1.9

91

81

NCGC00183200

Ph

MW: 286.3
PSA: 101.8
ClogP: 1.3

93

89

10

NCGC00183201

Ph

MW: 376.4
PSA: 87.8
ClogP: 3.5

80

54

11

NCGC00183202

Ph

MW: 356.4
PSA: 88.2
ClogP: 1.4

81

89

12

NCGC00183207

-NH,

MW: 258.3
PSA: 84.7
ClogP: 2.1

92

86

21

13

NCGC00183199

-COOH

MW: 286.3
PSA: 98.8
ClogP: 2.2

92

84

20

14

NCGC00182500

-COOH

MW: 316.3
PSA: 108
ClogP: 2.1

94

95

15

MLS000034832

-COOEt

MW: 315.3
PSA: 85
ClogP: 2.7

80

55

16

NCGC00182344

-COOEt

MW: 349.8
PSA: 85
ClogP: 3.3

84

62

17

NCGC00182326

-COOEt

MW: 384.2
PSA: 85
ClogP: 3.9

29

18

NCGC00182325

-COOEt

MW: 329.4
PSA: 85
ClogP: 3

51

35

19

NCGC00183206

-COOEt

MW: 343.4
PSA: 85
ClogP: 3.3

48

28

20

NCGC00182503

-COOMe

MW: 319.3
PSA: 85
ClogP: 2.5

86

29

21

NCGC00183204

-COOMe

MW: 319.3
PSA: 85
ClogP: 2.5

28

20

22

NCGC00182343

-COOMe

MW: 369.3
PSA: 85
ClogP: 3.3

66

41

ND

23

NCGC00183205

-COOEt

MW: 387.4
PSA: 111.3
ClogP: 2.9

NC

29

23

" The R1—R4 substitutions correspond to the drawing above. °Calculated physical—chemical properties, including molecular weight (MW), polar surface
area (PSA), and calculated log permeability (ClogP). *ICs values for K18PL tau ThT fluorescence inhibition were as described in Experimental Procedures.
The % inhibition represents that obtained with the highest tested concentration (80 uM) of compound. NC = not calculated due to insufficient
activity. #Secondary testing of compounds in the K18PL tau centrifugation assay as described in Experimental Procedures. ° Analysis of the compounds
in the AS(1—42) fibrillization assay as described in Experimental Procedures. The % inhibition represents that obtained with the highest tested concentration

(80 uM) of compound. ND = not determined.

compounds at six concentrations to identify novel inhibitors of
tau multimer assembly.

The two assay readouts that were employed in the screen, FP
and ThT fluorescence, were robust and reproducible. Analysis
of the qHTS results revealed that a larger number of compounds
showed clear concentration-dependent inhibition of ThT

fluorescence than FP. This was likely due to compounds that
competed with ThT binding to tau fibrils (34) or inhibited fibril
formation but not the assembly of tau into smaller FP-positive
species. Of particular interest were compounds that caused a
concentration-dependent inhibition of both FP and ThT fluore-
scence, and additional studies focused on a small subset of such
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compounds comprised of several chemical series, including
scaffolds that had previously been described. All of the selected
compounds showed repeatable activity in the ThT assay and
inhibited K18PL fibril assembly as detected in a sedimentation
assay. In addition, these compounds inhibited full-length tau
(taud0) fibrillization, as assessed by ThT fluorescence.

Among the compounds that were confirmed to reduce tau
fibrillization were members of a novel ATPZ scaffold. Further
examination of active examples from this series revealed an
apparent selectivity for inhibiting tau fibril formation, as they
were less effective in preventing Af(1—42) fibrillization. Impor-
tantly, these compounds did not appreciably affect the ability of
tau to promote MT assembly, in contrast to methylene blue,
suggesting that in a cellular setting ATPZs would not negatively
impact the important role that tau plays in stabilizing MTs.
A number of ATPZ analogues were subsequently synthesized
and tested in tau fibrillization assays to highlight possible SAR
within the series. Interestingly, these studies revealed that mod-
ifications of the C-4 position of the core structure were not
only generally well tolerated but occasionally resulted in
analogues with improved activity, thus indicating that further
exploration of series of analogues modified in this position
should be examined. In contrast, modifications of the C-5
position and/or the amino group at C-7 resulted in a dramatic
loss of potency.

The nature of the tau that remained in the soluble fraction of a
fibrillization reaction conducted in the presence of the prototype
ATPZ, MLS000062428, was characterized by SEC analysis. As
expected, the majority of the tau in the control reaction was
converted to fibrils, and only a small amount of monomeric tau
remained in the supernatant fraction after centrifugation. In
contrast, the MLS000062428-containing reaction had a signifi-
cantly greater amount of monomeric tau and some oligomeric
tau species in the postcentrifugation supernatant. This suggests
that the compound either stabilizes nonseeding tau oligomers
that are not competent to support fibril growth or blocks the
further addition of tau monomers to oligomeric species that
would normally mature into fibrils. It is also possible that the
ATPZs bind directly to tau monomers to prevent multimeriza-
tion and that the formation of oligomeric species reflects
incomplete compound interaction with monomeric tau within
the reaction mixture.

It is unclear whether compounds that prevent tau fibril
formation with a resulting increase of monomeric and oligomeric
tau would be beneficial in treating tauopathies. There is some
disagreement whether tau fibrils or oligomers are toxic to
neurons (20, 61). For example, neurodegeneration can only be
observed when bone fide tau tangles are present in tau transgenic
mouse models, thereby raising questions about a potential role
for tau oligomers (62). On the other hand, improvements in
behavioral end points can be observed in tau tangle-bearing
transgenic mice upon the cessation of further tau synthesis,
suggesting that nonfibrillar tau species may be important (63).
The nature of putative harmful tau oligomers has not been
elucidated, so it is possible that only a certain type of tau oligomer
might be toxic and that other oligomeric structures might
be benign. Notwithstanding these unresolved issues, it is likely
that tau-mediated neurodegeneration does not result solely from
a gain-of-function activity attributable to oligomeric or
fibrillar tau but rather is also caused by the sequestration of
tau into fibrils such that there is insufficient monomeric tau
available to properly stabilize MTs. Thus, a compound such as
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MLS000062428 which causes a significant increase in tau mono-
mer concentration might confer a beneficial effect in overcoming
this loss-of-function toxicity. Ultimately, elucidation of the
relative importance of tau gain-of-function and loss-of-function
toxicities, and whether it is oligomeric or fibrillar tau that is more
detrimental, will likely depend on the testing in tau transgenic
mouse models of small molecule drugs that block tau assembly at
different steps. Accordingly, the continued development of drug-
like molecules that affect tau—tau interactions is critical to
furthering our understanding of how tau aggregates lead to
neuropathology in tauopathies such as AD.
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