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(Bacl(ground: Tau fibrillization inhibitors hold promise as potential therapeutic agents for neurodegenerative disease.
Results: The Tau fibrillization inhibitors, aminothienopyridazines and methylene blue, promote disulfide bond formation in

Conclusion: These compounds affect Tau fibrillization by a relatively nonspecific oxidative mechanism.
Significance: Understanding the mechanism by which these compounds affect Tau fibril formation provides insights into their
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Alzheimer disease and several other neurodegenerative disor-
ders are characterized by the accumulation of intraneuronal
fibrils comprised of the protein Tau. Tau is normally a soluble
protein that stabilizes microtubules, with splice isoforms that
contain either three (3-R) or four (4-R) microtubule binding
repeats. The formation of Tau fibrils is thought to result in neu-
ronal damage, and inhibitors of Tau fibrillization may hold
promise as therapeutic agents. The process of Tau fibrillization
can be replicated in vitro, and a number of small molecules have
been identified that inhibit Tau fibril formation. However, little
is known about how these molecules affect Tau fibrillization.
Here, we examined the mechanism by which the previously
described aminothieno pyridazine (ATPZ) series of compounds
inhibit Tau fibrillization. Active ATPZs were found to promote
the oxidation of the two cysteine residues within 4-R Tau by a
redox cycling mechanism, resulting in the formation of a disul-
fide-containing compact monomer that was refractory to fibril-
lization. Moreover, the ATPZs facilitated intermolecular disul-
fide formation between 3-R Tau monomers, leading to dimers
that were capable of fibrillization. The ATPZs also caused cys-
teine oxidation in molecules unrelated to Tau. Interestingly,
methylene blue, an inhibitor of Tau fibrillization under evalua-
tion in Alzheimer disease clinical trials, caused a similar oxida-
tion of cysteines in Tau and other molecules. These findings
reveal that the ATPZs and methylene blue act by a mechanism
that may affect their viability as potential therapeutic agents.

* This work was supported, in whole or in part, by National Institutes of Health
Grant AG17586 (NIA; V. M.-Y. L.). This work was also supported by grants
from the Alzheimer Disease Research program of the American Health
Assistance Foundation (to K. R. B.) and the Coins for Alzheimer’s Research
Trust (to K. R. B.), a pilot grant from the Comprehensive Neuroscience Cen-
ter at the University of Pennsylvania (to C.B.), and by the Marian S. Ware
Alzheimer’s Program.

51 This article contains supplemental Figs. $1—S3.

" These authors contributed equally to the manuscript.

2 To whom correspondence should be addressed: Center for Neurodegenera-
tive Disease Research, University of Pennsylvania, 3600 Spruce St., Malo-
ney 3, Philadelphia, PA 19104. Tel.: 215-615-5262; E-mail: kbrunden@
upenn.edu.

11024 JOURNAL OF BIOLOGICAL CHEMISTRY

A number of neurodegenerative diseases are characterized
by the presence within brain neurons of deposits of the protein
Tau (1, 2). The most prevalent of these “tauopathies” is
Alzheimer disease (AD),® but this group of disorders also
includes various forms of frontotemporal lobar degeneration,
including progressive supranuclear palsy, corticobasal degen-
eration, Pick’s disease, and a rare familial disorder known as
frontotemporal dementia with parkinsonism linked to chromo-
some 17 (FTDP-17) (3—6). Tau is normally found in axons,
where it stabilizes microtubules (MTs) through an interaction
mediated by the three (3-R) or four (4-R) repeated MT binding
domains found in Tau isoforms that are generated by differen-
tial splicing (7, 8). However, there is a redistribution of Tau in
tauopathies such that inclusions form within the cell soma and
processes, where they are referred to as neurofibrillary tangles
and neuropil threads, respectively (4). The Tau aggregates in
these diseases are made up of well defined fibrils comprised of
an ordered array of misfolded Tau monomers, which are rec-
ognized by amyloid binding dyes such as thioflavin S and Congo
Red.

Tauinclusions are thought to contribute to the neuronal dys-
function and death that occurs in the tauopathies. For example,
there is a correlation between neurofibrillary tangle density and
cognitive decline in AD (9-11). Moreover, Tau mutations have
been shown to cause FTDP-17 (5, 6). The neurotoxicity associ-
ated with Tau may result from a direct effect of misfolded Tau
oligomers (12) or fibrils and/or from a loss of Tau-mediated
MT stabilization due to its disengagement from MTs and
sequestration into aggregates (3, 13, 14). Thus, a potential ther-
apeutic strategy to reduce neurotoxicity in tauopathies would
be to prevent the formation of Tau oligomers and fibrils (15,
16).

3 The abbreviations used are: AD, Alzheimer disease; ATPZ, aminothienopyr-
idazine; FTDP-17, frontotemporal dementia with parkinsonism linked to
chromosome 17; IAA-OG, iodoacetamide-Oregon Green; MB, methylene
blue; MT, microtubule; SEC, size-exclusion chromatography; ThT, thioflavin
T; 3-R, three microtubule-binding repeats; 4-R, four microtubule-binding
repeats;AU, absorbance units.
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The formation of insoluble Tau fibrils is believed to depend
on a nucleation-elongation process whereby misfolded Tau
monomers assemble relatively slowly into ill-defined nucleat-
ing cores followed by rapid elongation from the core structures
to yield fibrils (17, 18). The process of Tau fibrillization can be
replicated in vitro, where the addition of anionic co-factors
such as heparin or arachidonic acid to recombinant Tau results
in the formation of fibrils that resemble those observed in the
brains of tauopathy patients (19—-22). This has led several lab-
oratories to identify a relatively diverse set of molecules that
inhibit Tau fibrillization (15, 23, 24). Among these, one com-
pound, methylene blue (MB), has progressed to testing in AD
patients (25), where potentially promising Phase II clinical data
have been reported that await confirmation in larger Phase III
studies. However, very little is known about how MB or other
reported compounds prevent the assembly of Tau into fibrils.
We previously described an aminothienopyridazine (ATPZ)
series of Tau fibrillization inhibitors with drug-like physical-
chemical properties (26-28) and identified a brain-penetrant
example that is well tolerated upon repeated dosing in mice (27,
28). Here, we have investigated the molecular mechanism by
which active ATPZ molecules prevent Tau fibril formation and
have identified a mode of action that involves the oxidation of
cysteine residues within Tau. This results in the formation of an
intramolecular disulfide linkage in 4-R Tau that renders the
monomer fibrillization-incompetent as well as the generation
of an intermolecular disulfide bond in 3-R Tau that promotes
dimerization and fibrillization. Interestingly, this mechanism is
not unique to the ATPZ series but is also observed with the AD
clinical candidate, MB.

EXPERIMENTAL PROCEDURES

Compounds—All ATPZs and oleocanthal were synthesized
as previously described (27-29), with purities of >95% as deter-
mined by NMR and LC-MS/MS. MB was purchased from
Sigma. A 10-mer peptide (NRCSQGSCWN) comprised of a
sequence unrelated to Tau was purchased from Sigma.

Tau Constructs and Preparation—Full-length Tau con-
structs containing the two alternatively spliced N-terminal
exons and either four (T40) or three (T39) semi-conserved MT
binding regions as well as the truncated K18 and K19 constructs
containing only the MT binding regions from 4-R and 3-R Tau,
respectively (30), were cloned into the pRK172 expression vec-
tor, expressed, and purified as previously described (6). K18PL,
which is the K18 construct containing the P301L mutation
found in inherited FTDP-17 (5) that confers an enhanced fibril-
lization propensity to Tau (31), was prepared in a similar man-
ner. Mutated versions of K18PL were prepared by site-directed
mutagenesis to yield alanine substitutions of cysteine 291
(C291A), cysteine 322 (C322A), or both (2XCA), with the
resulting proteins purified as with the other Tau preparations.

Tau Pre-reduction and Pre-oxidation—Recombinant Tau
was reduced by incubating Tau preparations in 1 mm DTT for
30 min at 60 °C. DTT-reduced Tau protein underwent centrif-
ugation through a Zebra spin desalting column (Thermo Scien-
tific 89882) that had been pre-equilibrated in 100 mMm sodium
acetate buffer, pH 7.0, to remove DTT. Tau protein was subse-
quently quantified by BCA assay (Pierce) to account for protein
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losses on the column. Tau oxidation can be facilitated by treat-
ment with DMSO as described (32) or can be allowed to occur
spontaneously when 20 um Tau in 100 mM sodium acetate
buffer, pH 7.0, is incubated overnight at room temperature.

Tau Compound Incubation—Tau proteins were typically
incubated at 20 uM concentration with 50 um ATPZs or MB
for 1 hat 37 °C in 0.1 M sodium acetate, pH 7.0, unless oth-
erwise noted under “Experimental Procedures”.

Tau Fibrillization—Heparin-induced Tau fibrillization was
performed as previously described (26, 33). Briefly, 15 ul of 33.3
uM recombinant Tau in fibrillization buffer (100 mm sodium
acetate buffer, pH 7.0) was dispensed into wells of black non-
treated polystyrene 384-well plates (NUNC) followed by a pin
tool dispense of 250-fold concentrated test compound that was
dissolved in 100% DMSO. This was immediately followed by
the addition of 10 ul of 100 uMm heparin (Sigma; 5 kDa mean
molecular mass) in fibrillization buffer, such that the final Tau
and heparin concentrations were 20 and 40 uM, respectively.
Compound concentration-response analyses were performed
starting at 80 uMm, with 2-fold serial dilutions down to 0.16 um.
In some studies, oleocanthal (50 um) was included as a positive
control inhibitor of Tau fibrillization (29), and vehicle alone
was used as a non-fibrillizing control. Plates were incubated at
37 °C overnight followed by the addition of 25 ul of 25 um
thioflavin T (ThT; Sigma) in 100 mm glycine, pH 8.5. After
incubation for 1 h at room temperature, ThT fluorescence was
read at an excitation of 450 nm and an emission of 510 nm with
a cutoff of 475 nm on a Spectramax M5 spectrophotometer
(Molecular Devices). Z' scores (34) for each dose-response
experiment were greater than 0.5. In some cases ThT was omit-
ted, and the samples were subjected to sedimentation analysis
as described below.

Tau Sedimentation Assay—The contents of the wells from
fibrillization reactions as described above were removed and
centrifuged at 100,000 X g for 30 min (Beckman Coulter
TL-100 centrifuge). Supernatants were removed, and one part
5X SDS-PAGE buffer (62.5 mMm Tris, pH 6.8, 10% SDS, 25%
glycerol, 10 mm DTT, 0.01% bromphenol blue) was added to
four parts supernatant. The pellet was dissolved in a volume of
1X SDS-PAGE buffer equal to the final supernatant volume
followed by SDS-PAGE of equal volumes of the supernatant
and pellet fraction (typically 10 ul for K18 or K19 Tau species or
2 wl for full-length Tau), with subsequent Coomassie Blue
(R250) staining. Gel band intensities were quantified using
ImageQuant software (Molecular Dynamics), and fibrillization
inhibition was determined by comparing the percent of Tau
remaining in the supernatant fraction of compound-treated
samples relative to the full fibrillization (vehicle only) controls.

Native PAGE—The native gel electrophoresis protocol uti-
lized buffer systems as previously described (35). Gels were pre-
pared from 7.5 or 15% acrylamide (37.5:1 acrylamide/bisacryl-
amide; Bio-Rad) for full-length Tau or truncated Tau proteins,
respectively, in a low conductivity acidic buffer (30 mm B-ala-
nine (Sigma) and 20 mu lactic acid (Sigma), pH 3.8). Tau sam-
ples were prepared by mixing with 2.5X sample buffer (75 mm
B-alanine and 50 mm lactic acid, pH 3.8, 0.01% methyl green,
and 25% glycerol) to achieve 1 X final sample buffer followed by
loading into the wells of the gel. Gels were run at 4°C on a
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Bio-Rad Mini Protean III system at 180 V for 2 h with the polar-
ity reversed, then stained with Coomassie Blue. Fully reduced
Tau, fully oxidized Tau, and vehicle-treated Tau were typically
included on each gel in lieu of molecular weight markers.
Size-exclusion Chromatography (SEC)—K18PL, K19, K18PL-
C291A, K18PL-C322A, or K18PL2xCA (20 uM) were incubated
with ATPZ or MB (50 uMm) in 100 mm sodium acetate, pH 7.0,
for 1 h at 37 °C. SEC was performed using an Acquity UPLC
system equipped with a photodiode array detector (Waters
Corp., Milford, MA). Injections of 15 ul were separated with an
Acquity BEH200 SEC 1.7 um (4.6 X 300 mm including a 4.6 X
30 guard column) using 100 mm sodium acetate, pH 5, with 300
mM NaCl at 0.3 ml/min over 30 min. Sample peaks were
detected and analyzed using absorbance at 220 nm.
Reversed-phase Chromatography—The 10-mer peptide
(NRCSQGSCWN) at 20 uMm concentration was incubated with
50 uM ATPZ or MB in 100 mMm sodium acetate, pH 5, for 30 min
at 37°C. Reversed-phase HPLC was performed using an
Acquity UPLC system equipped with an Acquity BEH C18 1.7
pm (2.1 X 50 mm) column at 35 °C with detection using a
photodiode array detector and a TQ mass spectrometer. The
MS electrospray source was operated in positive ion mode. A
water/acetonitrile gradient containing 0.1% formic acid from 5
to 35% acetonitrile over 1.5 min at a flow rate of 0.6 ml/min was
used to separate peptide after 5-ul sample injections. Sample
peaks were detected and analyzed using absorbance at 280 nm.
DTT at 20 uM was incubated with 50 um CNDR-51348 in 100
mM sodium acetate, pH 5, for 30 min at 37 °C. Reversed-phase
chromatography was performed using an Acquity UPLC sys-
tem equipped with an Acquity HSS T3 1.8 um (2.1 X 100 mm)
column at 35 °C, with detection using a photodiode array detec-
tor and a TQ mass spectrometer. The MS electrospray source
was operated in negative ion mode. Isocratic elution conditions
using 2% acetonitrile with 0.1% formic acid at 0.6 ml/min were
used to separate components after a 10-ul sample injection.
Sample peaks were detected and analyzed using absorbance at
210 nm and compared to reduced or oxidized DTT standards.
Oregon Green-lodoacetamide Labeling of Tau—Ilodoacet-
amide labeled with Oregon Green 488 (IAA-OG, Invitrogen)
was dissolved in N,N-dimethylformamide to achieve a 10 mm
stock solution. Tau (20 uMm) in fibrillization buffer with or with-
out 50 uM test compound at a final volume of 0.1 ml was incu-
bated for 1 h at 37°C. A 20-ul aliquot of this solution was
removed and added to a tube containing 1 ul of IAA-OG rea-
gent (25-fold molar excess of IAA-OG to Tau) and incubated 30
min at room temperature followed by analysis by SDS-PAGE.
Upon completion of electrophoresis, the unbound IAA-OG
reagent at the gel dye front was cut away, and the gel was imaged
on a Fuji LAS 3000 imager using the existing green fluorescent
protein setting. The fluorescent bands were quantified using
ImageQuant 5.0 software for Windows (Molecular Dynamics),
and intensity was compared with vehicle only and pre-reduced
controls, the latter of which defines the maximal possible
IAA-OG signal. After fluorescent imaging, the gel was stained
with Coomassie Blue to confirm equal protein loading between
the samples.
CNDR-51348 HPLC-MS—CNDR-51348 (50 uMm) was incu-
bated with 20 um K18PL in 100 mMm sodium acetate, pH 7, for
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1 hat 37 °C. LC-MS analyses were performed using an Acquity
UPLC system equipped with a TQ mass spectrometer. Samples
were separated with an Acquity BEH C18 1.7 um (2.1 X 50 mm)
column at 35 °C. A water/acetonitrile gradient containing 0.1%
formic acid from 5 to 95% acetonitrile over 2 min at a flow rate
of 0.6 ml/min was used to separate CNDR-51348 after a 5-ul
sample injection. The MS electrospray source was operated in
negative ion mode. Source and analyzer voltages were opti-
mized using the MassLynx auto tune utility. MS scans from 100
to 600 m/z with 0.5-s scan times were acquired. Mass spectra
were then analyzed for the loss of ATPZ or the appearance of
chemically reduced products.

Peroxide Quantification and Tau Treatment with Peroxide—
Compound-mediated peroxide generation was measured using
the PeroXOquant™ assay (Pierce 23280) per the manufactur-
er’s kit instructions. Tau (20 um) or 1 mm DTT was incubated
with 50 um compound in water at a final volume of 0.1 ml for
periods of time ranging from 1 to 18 h. Aliquots (10 ul) were
removed and transferred into a clear non-treated polystyrene
384-well assay plate (NUNC) to which 90 ul of kit reagent was
added and allowed to incubate 20 min at room temperature.
The absorbance at 595 nm was subsequently read on a Spectra-
max M5 spectrophotometer (Molecular Devices). Hydrogen
peroxide controls were prepared by dilution from a 30% (8.8 m)
hydrogen peroxide stock (Fisher) into water. A linear relation-
ship between peroxide concentration and absorbance was
observed between 62.5 and 2 um peroxide and was used as a
standard curve for quantification of peroxide in the compound
samples. K18PL protein (20 uM) was treated with either 20 um
or 1 mm hydrogen peroxide in 0.1 M sodium acetate, pH 7.0, for
1 h at 37 °C in the absence or presence of 24 milliunits of cata-
lase (Sigma), as described below, followed by native gel
electrophoresis.

Catalase Treatment of Tau—Catalase (Sigma) was added to
Tau samples incubated with either peroxide-generating com-
pounds or with varying concentrations of hydrogen peroxide.
In addition, an identical amount of catalase was added to Tau
fibrillization reactions that were conducted as described above
in the presence of peroxide-generating compounds. The cata-
lase was added to the Tau solutions at a 50,000-fold dilution to
yield a 24 milliunits/ml final concentration before compound
or hydrogen peroxide was added. Fibrillization was assayed by
ThT fluorescence as above. Catalase activity was confirmed to
be identical to the manufacturer’s specification when used in
fibrillization buffer.

RESULTS

ATPZ Inhibitors of Tau Fibrillization Promote Formation of
an Intramolecular Disulfide Bond in 4-R Tau Monomers—The
ATPZ inhibitors of Tau fibril formation were initially identified
after high-throughput screening of ~300,000 compounds (26),
and subsequent medicinal chemistry efforts resulted in the
development of many analogues and the elucidation of struc-
ture-activity relationships (27, 28). An initial SEC characteriza-
tion of the Tau species found within an ATPZ-treated fibrilli-
zation reaction revealed a large increase in Tau monomer
concentration relative to an uninhibited fibrillization mixture
(26). These data combined with the observation that the IC;,
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TABLE 1

The relative activity of various ATPZ compounds in a 4-R Tau fibrilliza-
tion reaction correlates with their ability to induce a disulfide-contain-
ing tau compact monomer

K18PL Tau fibrillization was monitored in the absence and presence of ATPZs using
ThT fluorescence as previously described (26, 27). Compound activity is expressed
both as the inhibitory log EC,, and as the maximum percent inhibition of Tau
fibrillization. The compounds were also evaluated for their ability to induce the
faster migrating, disulfide-containing compacted form of K18PL observed by native
gel electrophoresis, as in Fig. 28.

Compound Structure ThT Assay | ThT Assay Native Gel
(Log ECsp) (% Max. Inhibition) | (% Compact )
CNDR-51345 i N Inactive | 4 4
EO° N
I
(? _
CNDR-51347 i1 Inactive 39 26
~N
9
CNDR-51348 | | [y . |-54 83 100
o
CNDR-51349 L. |52 82 83
’e
CNDR51374 | | [\ . |-55 87 98
“
ﬁ;
CNDR51449 | [ 3 Inactive 23 28
// N
o H
i
Ej O
[~}

values of ATPZ inhibitors were generally near the stoichiomet-
ric equivalence of Tau concentration suggested that the ATPZs
might prevent fibril formation through interaction with Tau
monomers, although association with multimeric Tau species
could not be excluded. To further investigate the possible inter-
action of ATPZs with monomeric Tau, additional SEC studies
were conducted after incubation of an active ATPZ (CNDR-
51348; see structure in Table 1) with a well described truncated
Tau protein (K18PL) comprising the four MT binding repeats
found in full-length 4-R Tau. This protein fibrillizes rapidly in
the presence of a co-factor such as heparin (26, 33). SEC anal-
yses were also performed with K18PL Tau that was incubated in
the absence of an ATPZ or with an ATPZ analog (CNDR-
51449; see the structure in Table 1) that does not inhibit Tau
fibrillization (26). Interestingly, co-incubation of the Tau with
CNDR-51348, but not CNDR-51449, resulted in the formation
of a later-eluting peak that was present only as a minor peak
when K18PL was incubated in the absence of compound
(Fig. 1).

A compacted form of 4-R Tau has been described previously
in which the single cysteine residues found within both the
second and third MT binding repeats are oxidized to form an
intramolecular disulfide bridge (30). To investigate whether
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K18PL that was incubated with CNDR-51348 might corre-
spond to a cysteine-oxidized form of the peptide, K18PL was
treated with DTT to ensure complete reduction of cysteine res-
idues. The DTT-reduced Tau (Fig. 1, KI8PL Red) had a reten-
tion time that corresponded to the major peak in the untreated
Tau sample. In contrast, K18PL samples that were incubated
with DMSO (32) or incubated overnight in oxygenated buffer
to facilitate cysteine oxidation (Fig. 1; KI8PL Ox) had an elu-
tion time that was identical to the Tau peptide treated with
CNDR-51438. These data are consistent with the ATPZ-
treated Tau undergoing oxidization to generate a more com-
pacted structure.

To further test this hypothesis, K18PL Tau was treated with
CNDR-51348 or CNDR-51449 and subsequently reacted with
IAA-OG, which preferentially forms a covalent adduct with the
sulthydryl moiety of reduced cysteine residues (36). K18PL was
also pre-reduced or pre-oxidized before incubation with IAA-
OG. As depicted in Fig. 24, SDS-PAGE of the IAA-OG-reacted
samples followed by fluorographic detection of the covalently
linked Oregon Green fluorophore showed that the reduced Tau
sample displayed significant IAA-OG labeling that was greater
than that observed with untreated protein, suggesting that the
latter contained a mixture of reduced and oxidized K18PL.
However, very little IAA-OG modification was detected in the
pre-oxidized Tau or the Tau treated with CNDR-51348.

To confirm that ATPZ treatment of K18PL resulted in the
formation of a compacted structure, the Tau was incubated in
the absence or presence of CNDR-51348 or CNDR-51449, or
pretreated to generate fully reduced and oxidized protein and
subsequently analyzed by acidic native gel electrophoresis (Fig.
2B). The K18PL treated with CNDR-51348 had a greater elec-
trophoretic mobility than the reduced Tau and migrated with
the same apparent size as pre-oxidized Tau, whereas the
untreated or CNDR-51449-treated Tau contained a mixture of
the reduced and oxidized species. A small amount of the pro-
tein in all samples was found to migrate with greater apparent
size, and this material likely corresponds to dimers. A compa-
rable result was obtained with K18 Tau lacking the P301L
mutation or with full-length 4-R Tau (T40), as incubation of
these Tau species with CNDR-51348 resulted in conversion of
the Tau to a compacted form that migrated identically to pre-
oxidized Tau (Fig. 2B). Thus, all 4-R Tau species seem to be
equally affected by active ATPZs to yield compact structures
resulting from an intramolecular disulfide bond between the
two available cysteine residues, and therefore, truncated and
full-length Tau preparations were used interchangeably in sub-
sequent studies.

To provide further evidence that the cysteine residues of 4-R
Tau were critical to the formation of the compact monomer,
CNDR-51348 was incubated with K18PL in which both of the
cysteine residues were replaced with alanine (K18PL2xCA). As
expected, this modified peptide failed to yield the compacted
structure, as evidenced by an absence of retention time shift
upon SEC analysis (Fig. 2C). These and the previous data dem-
onstrate that the ATPZs, which prevent 4-R Tau fibrillization,
promote the formation of an intramolecular disulfide within
the Tau monomer.
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FIGURE 1. Active ATPZs cause the formation of a compact 4-R Tau monomer. 4-R Tau K18PL protein was incubated for 1 h at 37 °Ciin the absence (K78PL)
or presence of the active ATPZ, CNDR-51348 (K18PL:51348). The Tau protein was also either treated with an inactive ATPZ, CNDR-51449 (K18PL:51449) or was
pre-reduced (K78PL Red) or pre-oxidized (K18PL Ox). The samples were subsequently analyzed by SEC.
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FIGURE 2. ATPZs promote intramolecular cysteine disulfide formation in 4-R Tau. A, K18PL was incubated for 1 h at 37 °C in the absence (—) or presence
of CNDR-51348 (57348) or CNDR-51449 (57449) or was pre-reduced (R) or pre-oxidized (O). The samples were then analyzed for IAA-OG reactivity. Both the
IAA-OG fluorescence and corresponding Coomassie blue staining are shown for each IAA-OG-treated sample after SDS-PAGE. B, K18PL, K18, or full-length 4-R
Tau (T40) were incubated for 1 hat 37 °Cin the absence (—) or presence of CNDR-51348 (51348) or CNDR-51449 (51449) or were pre-reduced (R) or pre-oxidized
(O) followed by native gel electrophoresis. C, K18PL in which both cysteines were mutated to alanine (2xCA) was incubated for 1 h at 37 °Cin the absence (2xCA)
or presence of CNDR-51348 (2xCA:51348) followed by SEC analysis.
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FIGURE 3. ATPZ-treated 3-R Tau undergoes intermolecular disulfide formation. A, the 3-R Tau K19 protein was incubated for 1 h at 37 °C in the absence
(K19) or presence of CNDR-51348 (K19:51348) or CNDR-51449 (K19:51449) or was pre-reduced (K79 red) or pre-oxidized (K79 ox) before SEC analysis. B, K19 or
full-length 3-R Tau (T39) were incubated for 1 h in the absence (—) or presence of CNDR-51348 (51348) or CNDR-51449 (51449) or were pre-reduced (R) or
pre-oxidized (O) followed by native gel electrophoretic analysis. The bands corresponding to monomer (M) and dimer (D) are indicated.

It has previously been reported that a compact species of 4-R
Tau harboring an intramolecular disulfide bridge does not
readily assemble into fibrils in vitro (30, 37, 38), thereby provid-
ing a potential explanation as to why the active ATPZs impede
4-R Tau fibrillization. To confirm that oxidized 4-R Tau does
not readily form fibrils, the K18 peptide was first pre-reduced,
pre-oxidized, or treated with CNDR-51348 and then added to a
standard fibrillization reaction mixture that contains heparin as
a co-factor. Whereas the reduced Tau showed rapid fibrilliza-
tion, as determined by increased ThT fluorescence, essentially
no change in ThT signal was observed in the pre-oxidized Tau
mixture or in that treated with CNDR-51348 (supplemental
Fig. S1). Thus, oxidation of the cysteines within 4-R Tau and
consequent formation of a compact structure renders the Tau
fibrillization-incompetent. In fact there was excellent correla-
tion between the relative activity of ATPZ molecules in pre-
venting K18PL Tau fibrillization and in their ability to induce
the compacted Tau structure (Table 1).

ATPZs Promote the Formation of Intermolecular Disulfide
Bonds in 3-R Tau—As 3-R Tau contains only a single cysteine
residue due to the absence of the second MT binding repeat

APRIL 19,2013 +VOLUME 288-NUMBER 16

found in 4-R Tau, it is incapable of forming an intramolecular
disulfide bond. However, it has been reported that 3-R Tau
monomers can form an intermolecular disulfide, with the
resulting dimer having an enhanced propensity to fibrillize (30,
37, 38). To investigate the consequences of ATPZ incubation
with 3-R Tau, we utilized a previously described truncated Tau
protein (K19) comprising the three MT binding repeats found
in full-length 3-R Tau (30). As with the K18PL studies, the K19
Tau was incubated in the presence or absence of CNDR-51348
or CNDR-51449 or was pre-reduced or pre-oxidized. Subse-
quent SEC analyses revealed that the untreated K19 eluted pri-
marily as a single peak, with a small amount of earlier eluting
material (Fig. 3A4). The peak eluting at 10.5 min upon SEC was
determined to be Tau monomer, as this corresponds with the
elution time of the pre-reduced K19. Conversely, pre-oxidized
K19 eluted with an earlier retention time of 9.3 min, consistent
with the formation of a dimer containing an intermolecular
disulfide bond. The CNDR-51348-treated K19 had a similar
retention time to that of pre-oxidized K19, whereas the K19
treated with the inactive ATPZ, CNDR-51449, had an elution
profile resembling the vehicle-treated control sample (Fig. 3A4).
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FIGURE 4. 4-R Tau proteins harboring single cysteine mutations form intermolecular disulfide bonds after ATPZ treatment. A, K18PL Tau protein
containing the C291A mutation was incubated for 1 hat 37 °Cin the absence (C291A) or presence of CNDR-51348 (C291A:51348) or CNDR-51449 (C291A:51449)
orwas pre-reduced (Reduced) or pre-oxidized (Oxidized) before SEC analysis. B, K18PL Tau protein containing the C322A mutation was incubated for 1 hat 37 °C
in the absence (C322A) or presence of CNDR-51348 (C322A:51348) or CNDR-51449 (C322A:51449) or was pre-reduced (Reduced) or pre-oxidized (Oxidized)

before SEC analysis.

Thus, CNDR-51348 appeared to facilitate the formation of dis-
ulfide-linked 3-R Tau dimers. This was further confirmed by
native gel electrophoresis using K19 or full-length 3-R Tau
(T39). As revealed in Fig. 3B, the vehicle-treated K19 and T39
ran primarily as a monomer, with a small amount of dimer, and
pre-reduction resulted in both K19 and T39 migrating as a
monomer. Conversely, pre-oxidation of these Tau preparations
led to the majority of the protein running as a dimer, and treat-
ment with CNDR-51348 led to enhanced formation of both
K19 and T39 dimers (Fig. 3B). Thus, these data reveal that the
active ATPZ facilitated intermolecular disulfide formation in
3-R Tau.

3-R Tau dimers have been suggested to facilitate fibrillization
(30), and we confirmed that K19 that has been dimerized by
pre-oxidization or ATPZ treatment shows more rapid fibrilli-
zation than pre-reduced K19 (supplemental Fig. S2A). Thus,
these data provide an explanation as to why the ATPZs, which
inhibit 4-R Tau fibril formation, are ineffective inhibitors of 3-R
Tau fibrillization. As the Tau inclusions in AD are comprised of
a mixture of 3-R and 4-R Tau, a study was undertaken to deter-
mine the extent of inhibition of Tau fibrillization in an equimo-
lar mixture of K18 (4-R) Tau and K19 (3-R) Tau that was
allowed to incubate overnight under standard fibrillization
conditions in the presence of CNDR-51348. As a control, the
mixed 4-R/3-R Tau fibrillization reaction was conducted in the
absence of ATPZ, and reactions were also performed with K18
or K19 alone in the absence or presence of CNDR-51348. As
expected, the reactions of K18 or K19 conducted in the absence
of the ATPZ resulted in full Tau fibrillization, with recovery of
nearly all of the Tau in the pellet fraction after centrifugation, as
previously described (27, 33), with very little soluble Tau (sup-
plemental Fig. S2B). The majority of the K18 and K19 proteins
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from the mixed fibrillization reaction performed without
ATPZ were also found in the pellet fraction after centrifuga-
tion, although there was a greater percentage of each Tau pro-
tein in the soluble fraction than was observed when the individ-
ual Tau proteins were incubated alone. This suggests that 3-R
and 4-R Tau might slightly inhibit the fibrillization of each
other. As expected, the addition of CNDR-51348 to the pure
K18 fibrillization reaction resulted in a substantial increase in
the amount of soluble Tau, whereas there was essentially no
soluble K19 after treatment of the K19-only reaction with
ATPZ. A similar specificity of fibrillization inhibition was
observed in the reaction comprised of the mixture of K18 and
K19 as only an increase of soluble K18, and not K19, was
observed upon CNDR-51348 treatment (supplemental Fig.
S2B).

To explore whether the ability of ATPZs to promote inter-
molecular disulfide formation is unique to 3-R Tau, we added
CNDR-51348 or CNDR-51449 to K18PL proteins in which
each of the two cysteine residues was singly mutated to alanine
(K18PL-C291A or K18PL-C322A). Interestingly, pre-oxidation
of each of these proteins resulted in the formation of dimers
that eluted earlier than the untreated or reduced proteins (Fig.
4). Similarly, the mutant K18PL proteins treated with CNDR-
51348 showed the presence of dimers, with the extent of ATPZ-
mediated dimerization of K18PL-C322A being somewhat less
than that observed with K18PL-C291A. As expected, the inac-
tive ATPZ, CNDR-51449, did not promote formation of the
earlier eluting dimer with either of the mutated proteins. Thus,
it appears that active ATPZs can facilitate intermolecular cys-
teine disulfide formation in both K19 Tau and K18PL Tau
mutants containing a single cysteine residue.
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FIGURE 5. ATPZs facilitate disulfide formation in thiol-containing molecules other than Tau. A, a 10-mer peptide containing two cysteine residues was
incubated for 0.5 h at 37 °C in the presence or absence of CNDR-51348 or CNDR-51449, and the mixtures were subsequently analyzed by reversed-phase
HPLC-MS. In addition, a pre-oxidized sample of the 10-mer was subjected to HPLC-MS analysis. Peaks with molecular masses corresponding to a peptide with
oxidized cysteines and reduced cysteines eluted at 1.15 and 1.25 min, respectively. B, DTT was incubated in the absence (DTT) or presence of CNDR-51348
(DTT:51348) or was pre-oxidized (DTTox) before HPLC-MS analysis. The peaks eluting at 2.91 and 4.44 - 4.48 min have molecular masses corresponding to the
reduced and oxidized forms of DTT, respectively, whose structures are depicted.

ATPZs Oxidize Tau and Other Thiols via a Redox-cycling
Mechanism—The ATPZ-facilitated cysteine oxidation of Tau
was unexpected, as we previously demonstrated that ATPZs,
which inhibited 4-R Tau fibrillization, were inactive in a
caspase enzymatic assay that is sensitive to cysteine-oxidizing
compounds (26). Moreover, an analysis of the relative target
selectivity of the initial ATPZ leads identified from the NIH
Chemical Genomics Center revealed very low promiscuity (26),
which would be inconsistent with this series having a nonspe-
cific oxidative mechanism-of-action. To further explore the
selectivity of ATPZ-mediated cysteine oxidation, we incubated
CNDR-51348 or the inactive analog, CNDR-51449, with a
10-mer peptide composed of a sequence unrelated to Tau but
which contains two cysteine residues separated by 4 amino
acids (39). Pre-oxidation of this peptide resulted in the forma-
tion of a species with a molecular mass consistent with an intra-
molecular disulfide, which can be readily separated from the
reduced peptide by reversed-phase HPLC-MS (Fig. 54; reduced
peptide had an m1/z = 1154 and eluted at 1.25 min, and oxidized
peptide had an m/z = 1152 and eluted at 1.15 min). CNDR-
51348 greatly enhanced the rate of formation of the intramo-
lecular disulfide-containing form of the peptide which was not
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observed upon incubation with the inactive ATPZ, CNDR-
51449 (Fig. 5A). To further investigate the specificity of sulthy-
dryl oxidation by APTZs, CNDR-51348 was incubated with
DTT. CNDR-51348 addition led to the oxidation of DTT, such
that the ATPZ-treated sample showed the same molecular
mass and retention time upon HPLC-MS analysis as pre-oxi-
dized DTT (Fig. 5B). Thus, these data reveal that the active
ATPZs are not Tau-specific in their action and can promote the
formation of disulfide bonds in several unrelated molecules.
ATPZ-mediated cysteine oxidation does not appear to coin-
cide with a reduction of the ATPZ molecule, as MS analysis
revealed that CNDR-51348 that was incubated with K18PL had
an unchanged molecular mass relative to the parent compound
(see Fig. 7A). This raised the possibility that the active ATPZs
facilitated cysteine oxidation through a catalytic redox cycling
mechanism that might involve the generation of reactive super-
oxide or hydrogen peroxide. Such redox cycling between het-
erocyclic compounds and thiols has been previously noted (40).
To determine whether this was the case, the level of peroxide
was compared after CNDR-51348 was incubated in the absence
or presence of K18PL for 6 h at a concentration (20 um) typi-
cally used in Tau fibrillization reactions. As demonstrated in
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FIGURE 6. ATPZs facilitate molecular oxygen-mediated cysteine oxidation. A, HPLC-MS analysis of CNDR-51348 that was incubated for 1 h at 37 °Ciin the
absence (57348) or presence of K18PL (571348:K18PL). The molecular mass of the compound was unchanged after oxidation of Tau. The two major m/z values
(320 and 322) correspond to CNDR-51348 containing the naturally occurring 3*Cl and *’Cl isotopes. B, CNDR-51348 or vehicle (water) were incubated for 1 hin
the absence or presence of K18PL followed by the determination of peroxide concentrations in the incubation mixtures. C, K18PL was left untreated (—) or was
pre-reduced (R). In addition, K18PL was treated with CNDR-51348 or with 20 um (PLo) or 1 mm (PHi) hydrogen peroxide for 1 h at 37 °Cin the presence or absence
of catalase. The samples were subsequently analyzed by native gel electrophoresis or underwent reaction with IAA-OG followed by SDS-PAGE to evaluate the
extent of cysteine oxidation. Both the IAA-OG fluorescence and corresponding Coomassie blue staining are shown for each IAA-OG-treated sample. D,
fibrillization reactions were conducted with K18PL in the presence of CNDR-51348 (57348) or the presence of both CNDR-51348 and catalase (571348 + cat). E,

shown is the proposed reaction scheme of ATPZ-mediated oxidation of Tau.

Fig. 6B, the combination of the ATPZ and Tau resulted in the
formation of a low (5-10 um) but significant amount of perox-
ide. To investigate whether peroxides might be involved in the
ATPZ-facilitated oxidation of Tau, we co-incubated reaction
mixtures of CNDR-51348 and K18PL with catalase to remove
peroxides and also examined whether the addition of hydrogen
peroxide directly to K18PL would result in Tau cysteine oxida-
tion. As demonstrated by native gel electrophoresis and
IAA-OG analysis, 6 h of treatment of K18PL with 20 uM perox-
ide (PLo in Fig. 6C) did not lead to an appreciable conversion of
K18PL to the oxidized compact monomer, although a much
higher concentration of peroxide (1 mwm; PHi in Fig. 6C) caused
nearly complete oxidation of the Tau cysteines and formation
of the compacted structure. This peroxide-mediated formation
of disulfides was largely inhibited by co-incubation with cata-
lase (Fig. 6C), but the addition of catalase did not prevent the
oxidation of K18PL cysteines by CNDR-51348 (Fig. 6C) nor did
it affect CNDR-51348 inhibition of Tau fibrillization (Fig. 6D).
These results coupled with the observation that CNDR-51348
is not consumed during the oxidation of Tau leads us to hypoth-
esize that hydrogen peroxide is a byproduct of a catalytic redox
cycle reaction whereby ATPZs facilitate cysteine oxidation by
molecular oxygen, as depicted in Fig. 6E.

MB Also Inhibits 4-R Tau Fibrillization via Cysteine Oxi-
dation—The discovery that ATPZs inhibit 4-R Tau fibrilliza-
tion through the formation of a compact monomeric structure
that is stabilized by an intramolecular disulfide bond raises the
question of whether other reported Tau fibrillization inhibitors
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might act by a similar mechanism. Arguably, the most well
known Tau fibrillization inhibitor is MB, which is undergoing
evaluation in clinical trials as a therapy for AD (25). MB has
been shown to inhibit 4-R Tau fibrillization (41-43) and is also
known to be capable of redox cycling (44, 45). We examined
whether MB might behave like the ATPZs and induce the for-
mation of a compact monomer of K18PL. As shown in Fig. 74,
MB treatment resulted in a delayed retention time for K18PL
upon SEC that is identical to that observed after incubation
with CNDR-51348. In addition, a small earlier-eluting peak (8.9
min) was observed after incubation with MB that may represent
a K18PL dimer. Similarly, incubation of MB with K19 led to the
appearance of an earlier eluting peak that coincided with the
K19 dimer peak seen after CNDR-51348 treatment (Fig. 7B).
Finally, we found that MB treatment of the K18PL-C291A pro-
tein also resulted in the formation of a dimeric species (Fig. 7C),
as was observed with CNDR-51348 (Figs. 4A and 7C). These
results thus suggest that MB, like the ATPZs, oxidizes cysteine
residues within the MT binding repeats of Tau peptides.

To further confirm this, native gel electrophoresis studies
were conducted in which K18PL and full-length T40 were incu-
bated in the absence or presence of MB. As observed with active
ATPZs, MB caused the formation of a K18PL compact mono-
mer on native gels that migrated with the same electrophoretic
mobility as the pre-oxidized protein (Fig. 84). Moreover, MB
treatment led to a time-dependent shift in the electrophoretic
mobility of T40 to a faster migrating species as was also seen
upon treatment of T40 with CNDR-51348 (compare Fig. 84

VOLUME 288+-NUMBER 16+APRIL 19,2013



Tau Fibrillization Inhibitors Promote Disulfide Formation

A. 04 0.4 0.3
K18PL 9.86 K18PL:51348 K18PL:MB
0.3 10.18
0.3 024 10.19
= 0.2 o 0.21 =)
< * < 041
0.14 0.14 887
0.0 0.0 0.0-
T T T T T 1 T T T T T 1 T T T T T 1
6 7 3 9 10 1M 12 6 7 8 9 10 11 12 6 7 8 9 10 11 12
Time (min) Time (min) Time (min)
B' 0.3 10.37 0.3+ 0.3+
K19 K19:51348 K19:MB
0.24 0.24 0.24 9.19
2 2 2
o4 0.14 10.38 it 10.40
0.0 0.0 0.0
T T T T T ) T T T T T 1 T T T T T 1
6 7 8 9 0 11 12 6 7 8 9 0 1 12 6 7 8 9 0 11 12
Time (min) Time (min) Time (min)
C. 0.4+ 0.4+ 0.4+
C291A 9.94 C291A:51348 C291A:MB
0.3 0.34 8.68 0.3
> 0.2 > 0.2 o 0.21 8.70
= < 9.95 < 9.96
0.1 0.1 y 0.1-
8.73
0.04 0.0 0.0
T T T T T 1 T T T T T 1 Ll Ll T L i) 1
6 7 8 9 10 11 12 6 7 8 9 10 11 12 6 7 8 9 10 11 12
Time (min) Time (min) Time (min)

FIGURE 7. MB also facilitates formation of disulfide-stabilized 4-R Tau compact monomer as well as intermolecular disulfides in 3-R Tau and 4-R Tau
with a mutated cysteine. A, K18PL was incubated for 1 h at 37 °C in the absence (K78PL) or presence of CNDR-51348 (K18PL:51348) or MB (K18PL:MB). The
samples were subsequently analyzed by SEC. B, 3-R Tau K19 was incubated for 1 hin the absence (K79) or presence of CNDR-51348 (K19:51348) or MB (K19:MB)
followed by SEC analyses. C, K18PL containing the C291A mutation was incubated for 1 h at 37 °C in the absence (C297A) or presence of CNDR-51348

(C291A:51348) or MB (C291A:MB).

and Fig. 2B). Finally, treatment of K19 3-R Tau with MB led to
a decrease in the amount of monomer and increased formation
of the intermolecular disulfide-containing dimer (Fig. 9A).
These data establish that MB treatment results in the oxidation
of cysteine residues in the Tau peptides. To examine whether
this effect is specific to Tau, the 10-mer peptide containing two
cysteine residues was incubated with MB, and this resulted in
the formation of a disulfide-stabilized conformer that eluted
upon HPLC analysis with the same retention time (1.09 min) as
pre-oxidized peptide (Fig. 8B). Note that additional peaks
were observed on reversed-phase HPLC separation of the MB-
treated 10-mer peptide, which corresponded to reduced MB
(1.30 min) and demethylated MB (azure B; shoulder on 1.09
min peak). The oxidation of the 10-mer peptide reveals that MB
acts as a nonspecific oxidizer of cysteine sulthydryls.

Although our data indicate that MB can oxidize sulthydryl
groups, we have also observed that Tau that has been incubated
for prolonged periods with MB shows multiple higher molecu-
lar weight species upon electrophoretic analysis. To determine
whether the reported ability of MB to inhibit Tau fibrillization
depends primarily on its ability to oxidize cysteine residues
and/or perhaps an alternative mechanism such as covalent
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cross-linking, we examined the effect of MB on 3-R Tau (K19)
fibrillization. Because MB can promote the formation of a K19
dimer that is stabilized by an intermolecular cysteine bond and
as K19 dimerization promotes fibrillization, one would expect
little or no inhibition of K19 fibrillization if the primary mech-
anism of MB action on Tau is cysteine oxidation. Conversely, if
MB inhibits Tau fibrillization by an alternative mechanism,
then the compound may still affect 3-R Tau fibrillization. As
MB interferes with ThT fluorescence, we monitored the effect
of MB on both K19 and K18 fibrillization using the previously
described sedimentation assay (see supplemental Fig. S2) that
separates Tau fibrils from soluble Tau (26, 28). Parallel fibrilli-
zation reactions were conducted in the presence of oleocanthal,
which has been demonstrated previously to inhibit Tau fibril
formation via covalent modification of lysines within Tau (29).
As demonstrated in Fig. 8C, oleocanthal caused inhibition of
both K19 and K18 Tau fibrillization, as evidenced by decreasing
amounts of Tau in the insoluble pellet fraction. Note that oleo-
canthal can cause Tau cross-linking, resulting in the formation
of soluble multimers that migrate more slowly on SDS-PAGE
than monomeric Tau (29). This leads to a reduction in the
amount of monomer band observed in the soluble fraction at
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isreduced methylene blue, and the shoulder on the peak eluting at 1.09 min is azure B, which is a demethylated form of MB that is found as a minor contaminant
in MB preparations. C, K19 and K18 fibrillization reactions were incubated with increasing concentrations (in um) of MB or oleocanthal (Oleo). After completion
of the reactions, the samples were subjected to centrifugation to separate fibrillar Tau (pellet fraction (P)) from non-fibrillar Tau (supernatant fraction (S)). Both
the pellet and supernatant fractions were analyzed by SDS-PAGE and Coomassie Blue staining. D, K18PL was left untreated (—) or was pre-reduced (R) or
pre-oxidized (O).In addition, K18PL was treated with MB or with 20 um (PLo) or 1 mm (PHi) hydrogen peroxide both in the presence and absence of catalase. The
samples subsequently underwent reaction with IAA-OG followed by SDS-PAGE to evaluate the extent of cysteine oxidation. Both the IAA-OG fluorescence and
corresponding Coomassie blue staining are shown for each IAA-OG-treated sample. In A and D, the vertical lines designate sites where non-pertinent gel lanes

were removed and figures were subsequently spliced.

higher oleocanthal concentrations, as observed in Fig. 8C. In
contrast, whereas MB showed a concentration-dependent inhi-
bition of 4-R Tau fibrillization as evidenced by an increasing
percentage of soluble K18, no effect on K19 fibrillization was
observed. This outcome is consistent with cysteine oxidation
being the primary mechanism by which MB affects both 3-R
and 4-R Tau.

As with the ATPZs, the oxidation of Tau by MB does not
appear to depend on peroxides. This is demonstrated in Fig. 8D,
where IAA-OG labeling reveals that the addition of catalase in
an amount that reversed K18PL cysteine oxidation by 1 mm
peroxide had no effect on MB-mediated oxidation of cysteines
in K18PL. Thus, these data reveal substantial similarities in the
mechanism of action of MB and the ATPZ class of Tau fibrilli-
zation inhibitors.

Glutathione (GSH) Prevents Tau Oxidation by ATPZs and
MB—The generation of a disulfide-stabilized compact 4-R
monomer by ATPZs and MB provides a mechanistic under-
standing of how these compounds act to inhibit Tau fibrilliza-
tion in vitro. However, it is possible that Tau oxidation by these
compounds may be attenuated by the reducing environment
inside of cells, wherein GSH is found at low mM concentrations
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(46). To investigate this possibility, both K18 and K19 Tau pro-
teins were treated with APTZs and MB in the presence or
absence of 5 mMm GSH. As previously demonstrated, in the
absence of GSH both CNDR-51348 and MB facilitated the pro-
duction of a K18 compact monomer and a K19 dimer, whereas
CNDR-51349 was inactive (Fig. 9, A and B). However, these
disulfide-stabilized Tau species were not observed after CNDR-
51348 and MB treatment in the presence of GSH (Fig. 9, A and
B). These data thus suggest that the cysteine-oxidizing activity
of these compounds would largely be inhibited in the cytoplasm
of cells, where Tau aggregation would occur. This conclusion is
supported by our observation that CNDR-51348 and MB no
longer effectively inhibits 4-R Tau fibrillization in the presence
of 5 mm GSH (supplemental Fig. S3).

DISCUSSION

The ATPZ series of Tau fibrillization inhibitors was first
identified from a large quantitative high-throughput screening
campaign in which nearly 300,000 compounds were interro-
gated at multiple doses (26). This screen was conducted with a
heparin-facilitated 4-R Tau fibrillization assay that did not con-
tain a reducing agent such as DTT, as prior experience had

VOLUME 288+-NUMBER 16+APRIL 19,2013



Tau Fibrillization Inhibitors Promote Disulfide Formation

K18
-GSH +GSH
-, M e A AL IV
o e
RO - v v g RO - v ug
2 ” O
[0.9] w0 o0 w
B. K19
-GSH +GSH
-
R O- augu R O- o @
& 23 T
0 w o0 w

FIGURE 9. Tau cysteine oxidation by ATPZ or MB is inhibited by cellular
concentrations of GSH. K18 (A) or K19 (B) were incubated for 1 h at 37 °Ciin
the absence (—) or presence of CNDR-51348 (571348), CNDR-51449 (51449) or
MB or was pre-reduced (R) or pre-oxidized (O). These reactions were con-
ducted either in the absence (—GSH) or presence (+GSH) of 5 mm GSH. The
samples were then analyzed by native gel electrophoresis.

revealed that many false positives are obtained with com-
pounds that are capable of redox cycling in the presence of a
reducing agent (33, 40). Among the secondary analyses con-
ducted on the APTZs identified from this screen was a
caspase-8 enzyme assay that is sensitive to oxidizing agents (26,
47). The ATPZs identified from the screen were inactive in the
caspase assay and showed a low level of target promiscuity as
evidenced by a low hit rate in the many high-throughput
screens conducted at the NIH Chemical Genomics Center (26).
These features as well as the absence of an inhibitory effect on
A peptide fibrillization or Tau-mediated microtubule assem-
bly (26) led to the belief that these molecules were relatively
specific inhibitors of 4-R Tau fibril assembly.

Asvery little is known about how Tau fibrillization inhibitors
act in vitro, we undertook studies to gain a better understanding
of ATPZ-mediated inhibition of Tau fibril formation. The find-
ing that active ATPZs promote the oxidation of Tau cysteine
residues was unexpected given the aforementioned assay
results with these compounds. The observation that active
ATPZs can promote the generation of dimers of 3-R, which
contain an intermolecular cysteine bond, or dimers of 4-R Tau
in which one cysteine residue has been mutated to an alanine,
suggests that both forms of Tau first associate to form non-
covalent dimers, with the active ATPZ molecules then catalyz-
ing the formation of the intermolecular disulfide bond.

The cysteine-oxidizing mechanism of ATPZ action is shared
by MB, including the ability to oxidize cysteines within 4-R and
3-R Tau as well as a 10-mer peptide with a sequence that is
unrelated to Tau. These observations have potential ramifica-
tions with regard to the utility of these molecules as candidates
for the treatment of AD and related tauopathies. First, although
the active ATPZs and MB inhibit 4-R Tau fibrillization, they do
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not inhibit 3-R Tau fibril assembly. Compounds of this type
would presumably be ineffectual in the treatment of Pick’s dis-
ease, which is primarily a 3-R tauopathy (4, 48). Moreover, Tau
inclusions found in the brains of patients with AD, the most
prevalent tauopathy, are comprised of both 3-R Tau and 4-R
Tau. Although there is uncertainty as to whether these AD
Tau aggregates are composed of heteropolymeric and/or
homopolymeric 3-R and 4-R fibrils, it is possible that molecules
that only inhibit 4-R Tau fibrillization would allow for the con-
tinued deposition of 3-R Tau fibrils in AD.

A second important point related to the therapeutic poten-
tial of MB or the ATPZs concerns their apparent nonspecific
cysteine oxidation, which might affect multiple proteins upon
systemic administration and lead to the appearance of dose-
limiting side effects. However, there is a long history of MB
utilization in humans, and MB is still administered for several
conditions, including methemoglobinemia and urinary tract
infections (45, 49). Thus, MB appears to be fairly well tolerated.
Although the ATPZs have not undergone the same degree of in
vivo characterization as MB, an orally absorbed and brain-pen-
etrant example has been administered at 50 mg/kg/day to mice
for 1 month without any notable adverse effects (27). The
apparent safety of these molecules is somewhat surprising given
their potential for nonspecific oxidations, and it is thus possible
that cysteine oxidization is tolerated in animals or, alterna-
tively, that the extent of oxidation observed in vitro is not reca-
pitulated in vivo. In this regard, our data demonstrating that
Tau cysteine oxidation by the ATPZs and MB is significantly
blunted in the presence of cellular concentrations of GSH sug-
gests that this latter hypothesis may be correct. If so, then the
ATPZs and MB would be predicted to be relatively ineffective
inhibitors of Tau fibrillization in vivo, although it is possible
that a pleiotropic drug like MB (45, 49) may inhibit Tau
inclusion formation by mechanisms that do not depend on
the inhibition of Tau fibrillization. For example, there are stud-
ies which suggest that MB enhances proteasomeal (50, 51) and
autophagic degradation (52) of Tau.

In conclusion, our studies provide new mechanistic insights
into how the structurally unrelated compounds, ATPZs and
MB, affect Tau fibril assembly in vitro. Moreover, these studies
suggest that compounds that affect Tau structure by a similar
cysteine-oxidizing mechanism may have limitations that will
negatively affect their in vivo efficacy and/or safety. Finally, our
experience with the discovery and subsequent characterization
of the ATPZ class of molecules provides lessons to be applied to
future searches for drug-like Tau fibrillization inhibitors,
including careful consideration of the redox properties of can-
didate compounds.
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