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ABSTRACT: We previously discovered that one specific scalemic preparation of myricanol (1), a
constituent of Myrica cerifera (bayberry/southern wax myrtle) root bark, could lower the levels of the
microtubule-associated protein tau (MAPT). The significance is that tau accumulates in a number of
neurodegenerative diseases, the most common being Alzheimer’s disease (AD). Herein, a new synthetic
route to prepare myricanol using a suitable boronic acid pinacol ester intermediate is reported. An X-ray
crystal structure of the isolated myricanol (1) was obtained and showed a co-crystal consisting of
(+)-aR,11S-myricanol (2) and (−)-aS,11R-myricanol (3) coformers. Surprisingly, 3, obtained from chiral
separation from 1, reduced tau levels in both cultured cells and ex vivo brain slices from a mouse model
of tauopathy at reasonable mid-to-low micromolar potency, whereas 2 did not. SILAC proteomics and
cell assays revealed that 3 promoted tau degradation through an autophagic mechanism, which was in
contrast to that of other tau-lowering compounds previously identified by our group. During the course
of structure−activity relationship (SAR) development, we prepared compound 13 by acid-catalyzed
dehydration of 1. 13 had undergone an unexpected structural rearrangement through the isomyricanol
substitution pattern (e.g., 16), as verified by X-ray structural analysis. Compound 13 displayed robust tau-lowering activity, and,
importantly, its enantiomers reduced tau levels similarly. Therefore, the semisynthetic analogue 13 provides a foundation for
further development as a tau-lowering agent without its SAR being based on chirality.

Aberrant accumulation of the microtubule-associated protein
tau is implicated in ∼20 neurodegenerative disorders, col-

lectively termed tauopathies, including chronic traumatic
encephalopathy (CTE), Alzheimer’s disease (AD), frontal
temporal dementia linked to chromosome 17 (FTDP-17),
Parkinson’s disease, and Pick’s disease.1,2 Some of these diseases
can be caused by mutations in the MAPT gene that result in
amino acid substitution in critical microtubule-interacting
domains.3 Tauopathies may also result from a cascade of
pathological events, such as amyloid β aggregation, leading to
microtubule destabilization and the hyperphosphorylation of
tau.4 Tau hyperphosphorylation induces the formation of toxic
tau-containing aggregates, resulting in neuronal loss causing
cognitive and motor deficits.5,6

A number of strategies have been explored to treat tauopathies
by targetingmechanisms of tau biology directly. Kinase inhibitors
have been used to reduce the hyperphosphorylation of tau and
subsequent formation of neurofibrillary tangles. Inhibitors
of known tau kinases such as glycogen synthase kinase 3β
(GSK-3β), protein kinase C (PKC), Fyn (Src Kinase), and
others have shown decreases in tau pathology.7 This strategy has

had mixed results in the clinic, but none of these inhibitors has
been reduced to practice.8,9 Immunotherapy is another strategy
that is being extensively investigated to treat tauopathies. Both
active and passive immunotherapy approaches can successfully
remove pathological forms of tau in mouse models,7 but passive
immunization holds more promise in the clinic because of its
higher selectivity for discrete tau species and greater admin-
istrative control in the event of autoimmune reactions. However,
even this strategy has some safety concerns since phosphorylated
tau species are found in normal as well as AD brains.10

Nevertheless, clinical trials using passive immunization with
antibodies targeting tau are ongoing. Another strategy being
explored to treat tauopathies is inhibition of tau aggregation. A
number of compounds have been identified that can prevent
paired helical filament (PHF) formation and cause PHF
disassembly.7 These compounds have also shown efficacy in
mouse models of tauopathy.11,12 Replacing tau function with
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microtubule-stabilizing compounds has also shown efficacy in
mouse models of tauopathy, and this strategy is currently in the
early stages of clinical development.13 However, currently, there
are no approved treatments for the tauopathies that target tau
biology directly.7

The strategy that our lab has pursued over the past several
years is distinct from these other mechanisms in that we are
trying to harness the protein quality control machinery to
promote tau degradation.14,15 Molecules targeting heat shock
proteins (Hsp), ubiquitin ligase complexes, and deubiquitinating
enzymes have been effective at inducing proteasomal degrada-
tion of tau.16 For example, YM-01 and other members of the
rhodacyanine family potently inhibit the Hsp70 family of
proteins, which concomitantly leads to rapid tau clearance
through the proteasome. This scaffold has also been modified
successfully to improve brain exposure, suggesting that it could
be useful therapeutically.17 Inhibitors of another chaperone,
Hsp90, also have anti-tau activity.18,19 Like Hsp70 inhibitors,
these also facilitate tau degradation via the proteasome. A
number of clinical trials have been conducted with Hsp90
inhibitors for other diseases, in particular, cancer, but the success
with this approach has been modest due to pharmacological
challenges.20−22 Members of the phenothiazine family, which
contains compounds such as methylene blue and azure C, also
inhibit Hsp70 protein function, facilitate tau degradation via the
proteasome,15 and rescue memory deficits in tau transgenic
mice;23 however, there is evidence that these compounds also
can induce autophagic clearance of tau.24 Recent work has shown
that full-length monomeric tau is most efficiently cleared via the
proteasome,16,25,26 whereas cleaved, oligomeric, and aggregated
tau species that are more closely tied to toxicity are more
efficiently cleared via autophagy.16 In fact, autophagic clearance
has been shown to be most beneficial in attenuating tauopathies.
Activating autophagy with rapamycin was recently shown to have

efficacy in a transgenic model of tauopathy,27,28 potentially
ushering in a new avenue for tau-lowering strategies aimed at
autophagic pathways. For example, molecules enhancing
autophagosome biogenesis and inhibiting the mammalian target
of rapamycin (mTOR) both stimulate autophagic tau
clearance.29 Thus, continuing to identify novel small molecules
that regulate tau metabolism through these protein clearance
pathways could allow us to better understand tau and
proteostasis processes as well as serve as a foundation for drug
discovery efforts to treat tauopathies.

■ RESULTS AND DISCUSSION

We previously showed that a scalemic isolate frommyricanol (1)
(86% ee (+)-aR,11S-myricanol (2)) (Figure 1), a natural product
derived from Myrica cerifera (bayberry/southern wax myrtle)
root bark, lowered tau levels,30 but the relevance of the
stereochemistry and the mechanism through which this occurred
remained unknown.31 One of the obstacles has been to obtain
high yields of 2, and its enantiomer 3, via synthetic means with
completely characterized structure and purity.32−34 In addition
to improving the isolation of 1 from M. cerifera root bark,30 we
here devised a novel synthetic route for its production. The first
reported synthesis of 1 relied upon the Ni(0)-mediated coupling
of a bis-iodide intermediate, in ∼10% yield.32 The synthesis of 1
employed the intramolecular cross coupling of an aryl boronic
acid pinacol ester and an aryl iodide, as the boronic acid pinacol
ester functionality has been established as a useful partner in
macrocycle ring formation.35 Aryl bromide 4 was converted to
phenylpropionaldehyde 5 by palladium-mediated reductive coupling
with allyl alcohol (Figure 1). Iodination of 5 proceeded primarily
ortho to the methoxy group to give 6, in 76% yield. 4-(4-
Benzyloxy)butan-2-one 7 was converted to iodide 8, which then
afforded boronic acid pinacol ester9. Intermediate9was treatedwith

Figure 1. Synthesis of 1.
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LDA followed by 6 to effect an aldol condensation to give 10, after
acid-mediated elimination to the α,β-unsaturated ketone, in 39%
overall yield. Intramolecular cyclization of 10 using a palladium
catalyst gave desired 11 in 22% yield. We also conducted experi-
ments on related substrates bearing two iodines without the boron
acid pinacol ester usingNi(0) catalysts, which had also been reported

in the synthesis of the related natural product alnusone36 but found
no improvement over the ∼10% yield reported earlier.32 The
olefin was reduced and the benzyl ethers of 11 were removed via
hydrogenolysis to give 12, the reduction of which gave 1 (Figure 1).
M. cerifera-derived 1 is a m,m-bridged diarylheptanoid con-

sisting of the two enantiomers, 2 and 3, but 2 is in enantiomeric

Figure 2. Enantiomers of 1. (A) Chemical structure of 1 composed of the two enantiomers, 2 and 3, and possible atropisomers, 2a and 3a. (B) Chiral
HPLC traces ofM. cerifera-derived myricanol, synthetic myricanol, andM. cerifera-derived myricanol/synthetic myricanol (1:1) reveal 86, 2, and 42% ee,
respectively. (C) The single molecule of 2 shown is a part of a large asymmetric unit containing four molecules of 2; (D) the structure represented as a
co-crystal consisted of two enantiomers, 2 and 3, related by an inversion center; thermal displacement ellipsoids are drawn at the 50% probability level.
Coloring scheme: red, O; gray, C; and white, H.
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excess (∼13:1 ratio).30 It could also possess the two
atropisomers, 2a and 3a (Figure 2A). To determine if synthetic
1 had a similar enantiomer composition as that of purified 1, it
was subjected to chiral separation by high-performance liquid
chromatography (HPLC), resulting in two UV fraction peaks
with identical retention times as those observed for M. cerifera-
derived 1 but at a 1:1 ratio (Figure 2A,B). Crystal structures were
obtained of the racemic purified 1 and the purified enantiomer 2,

allowing us to infer the structure of 3 (Figure 2C,D). Analysis of
the solid-state structure shows that the stereochemistry of the
hydroxyl group on the macrocyclic ring appears to direct two
opposite atropisomer geometries relative to the biphenyl rings,
which are highly strained. The internal dihedral angle of the
biphenyl is 31.5°, relative to the carbocyclic ring, whereas the
external dihedral angle is 45.1°, which means a 13.4° twist in the
phenyl rings for the two rings combined. There is a 7-membered

Figure 3. (−)-aS,11R-Myricanol (3) is the enantiomer responsible for anti-tau activity. (A) Representative western blot of lysates from HEK293T cells
stably overexpressing P301L tau (HEK P301L tau) treated with 2 or 3 for the indicated time. (B) Quantification of pTau (S396/404) and total tau
(H150) levels from cells treated with the indicated compound and harvested at the indicated time points over 72 h. (C) Representative western blot of
HEK P301L cells treated with the indicated concentrations of each compound for 24 h. (D) Half-maximal inhibitory values (IC50) were approximately
1.8 μM for YM-01 and 18.56 μM for 3. (E) HEK293T cells were transiently transfected with disease-causing tau mutants and treated with IC50 of each
compound for 24 h. (F) Schematic showing location of each mutation in the tau protein. (G) Representative western blot of lysates from acute brain
slices from 4 month old rTg4510 transgenic mice treated with the indicated concentrations of YM-01 or 3 for 6 h. (H) Quantification of tau levels from
(G). Data are the average ± standard error of the mean (SEM); n = 3. Anti-tau activity of (−)-aS,11R-myricanol was observed in >10 individual
experiments.
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ring hydrogen bond between the 5-OH and 4-OMe groups on
the biphenyl rings (2.6 Å between non-hydrogen atoms).37,38

Previously, we showed that scalemic 1 isolated fromM. cerifera
had anti-tau activity, whereas racemic 1 derived from another
source did not.30 Therefore, we wanted to determine whether
synthetic 1 had efficacy against tau similar to that of M. cerifera-
derived 1. Indeed, using HEK293T cells stably overexpressing
P301L tau (an FTD-causing mutation prone to aggregation;
HEK P301L), we confirmed that this newly synthesized 1 did, in
fact, lower tau levels (Supporting Information Figure 1). Also, in
our previous work, we hypothesized that 2 was the more
abundant chiral isolate from 1 because it was the enantiomer in
excess in 1 derived fromM. cerifera. However, this hypothesis was
never confirmed because we did not isolate the enantiomers and
analyze their anti-tau efficacy individually. Above, we determined
that both synthetic andM. cerifera-derived 1 contained only two
of the four possible isomers of 1: 2 and 3. However, M. cerifera-
derived 1 had a 14:1 ratio of 2 to 3, whereas synthetic 1 had a 1:1
ratio (Figure 2). Therefore, we sought to determine if these
enantiomers each had anti-tau activity or whether one of these
was driving the majority of the anti-tau efficacy of 1. HEK P301L
cells were treated with either 2 or 3 over a 72 h time course.
Surprisingly, 30 μM 3 decreased both phosphorylated and total
tau levels similarly after just 6 h of treatment, and levels were
reduced by as much as 50% after 72 h. In contrast, treatment with
2 at 30 μM did not reduce tau levels throughout the duration of

the experiment in this cell model (Figure 3A,B) despite previous
work showing anti-tau activity at higher concentrations.30

These surprising results indicated that the chirality of 1, based
on the asymmetric carbon C-11 of the macrocyclic ring, and the
biphenyl atropisomerism are indeed essential for the anti-
tau activity of 1, but not as originally predicted based on the
enantiomer excess inference.30 Instead, it is the minor con-
stituent of 1, 3, that is responsible for themajority of tau-lowering
activity. Therefore, any preparation of racemic 1 that possesses 2
and 3 together should have anti-tau activity, but not all pre-
parations of racemic 1 may lower tau levels because they could
possess a different isomer profile.
Our previous interpretation was based on an inference of two

racemic mixtures of naturally derived myricanol from two
different sources: one from M. cerifera and the other from
another source not disclosed by Indofine Chemical but that was
likely from Myrica rubra, which is the typical source. The X-ray
data from M. cerifera-derived myricanol that we prepared here
revealed the presence of only 2 isomers. However, no X-ray data
was collected on the racemic material obtained from Indofine
Chemical, which possibly possessed a distinct stereoisomer
profile. This could be due to environmental or species differences
between where the material used here and the material used by
Indofine Chemical were harvested and/or the methods used for
extracting the natural product. Either modification could result in
epimerization of the atropisomers. Also, while in our previous

Figure 4. (−)-aS,11R-Myricanol (3) significantly accelerates tau clearance and selectively reduces distinct tau species. (A) Representative western blot
of tau levels in tet-inducible HEK293 cells stably overexpressing WT 4R0N Tau (iHEK) treated with 3 (18 μM) for the indicated time points and
harvested 24 h post tetracycline removal. (B) Quantification of tau levels from (A). Data are the average± standard error of the mean (SEM); n = 3. (C)
Representative western blot of tau levels in iHEK cells. Expression of WT Tau was induced for 24 h with tetracycline (1 mg mL−1). Tetracycline was
removed, and cells were all treated with 3 at the same time. Lysates were harvested at the indicated time points and analyzed by western blot for levels of
the indicated tau species. (D) Quantification of levels of each tau species in (C). Data are the average ± SEM; n = 3.
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work the chiral column HPLC revealed two peaks in the racemic
mixture from Indofine Chemical that appeared similar to the
mixture we isolated fromM. cerifera ourselves, it is likely that the
atropisomerism could not be resolved with the column that
we used. Another consideration is that the myricanol purchased
from Indofine Chemical may have lacked the same purity as
the myricanol that we purified. Any of these alterations could
possibly explain the lack of activity of the 55:45 racemic pre-
paration used in our previous work. Because of this unexpected
result, we were also concerned that 3 was possibly beingmetabolized
in the cell, particularly given its polyphenolic structure. Therefore, we
subjected lysates of cells treated with 3 for 1, 6, and 24 h to liquid
chromatographymass spectrometry (LC-MS) analysis. Interestingly,
the amount of 3 found in cells increased over time, likely due to
cell permeability, and, more importantly, there was no metabolite
observed (Supporting Information Figure 2). This confirmed that 3
was indeed the active molecule.
We then compared the anti-tau activity of 3 to another well-

established tau-reducing compound, YM-01.39 HEK P301L cells
were treated with increasing concentrations of 3 and YM-01 for
24 h (Figure 3C). YM-01 reduced the levels of tau at lower
concentrations than 3, but the difference was slight (IC50 = 3 μM
and 18 μM Figure 3D). We examined whether 24 h 3 treatment
reduced the levels of other known tau mutations associated with
disease. HEK293T cells were transfected with P301L, wild-type
(WT), G303V, V337M, R406W tau species containing all four
microtubule binding domains and no N-terminal insertions
(4R0N) and were treated with the IC50 of either YM-01 (3 μM)
or 3 (18 μM) for 24 h. While tau levels in most of these mutants
were reduced by either treatment, R406W tau was resistant to
both compounds (Figure 3E,F). This corroborates previous
work showing that this particular tau mutant (R406W) is more
resistant to tau-lowering agents, perhaps because of its more
hydrophobic structure.15

Next, we tested the anti-tau activity of 3 in a more phys-
iologically relevant context, using brain tissue from the rTg4510

mouse model, which overexpresses P301L tau.40 Acute ex vivo
brain slices were treated with YM-01 and 3 (Figure 3G) for
6 h.39,41 These slices can survive only for approximately 6−8 h.
Therefore, higher concentrations of treatments are typically used
to accelerate manifestation of activity. YM-01 significantly
reduced tau levels at 30 and 100 μM, as previously described.39

(−)-aS,11R-Myricanol (3) also significantly decreased tau levels
in rTg4510 brain slices at higher concentrations (100 and
150 μM) (Figure 3H). Thus, enantiomer 3 reduced tau levels in
both cultured cells and an ex vivo model of tauopathy.
We then sought to investigate the kinetics of tau clearance

caused by 3 treatment. To do this, we used a previously char-
acterized cell model, the inducible iHEKWT tau cell line.41 This
cell model allows us to monitor the degradation of tau protein
exclusively by turning tau expression on and then off using
tetracycline and monitoring tau levels after transgene expression
is suppressed. To assess how 3 affected tau degradation, iHEK
cells were induced to overexpress tau for 24 h, and then tau
expression was shut off by removal of the tetracycline. Cells were
then treated with 3 over 24 h. After 6 and 24 h, 3 significantly
enhanced the temporal clearance of tau protein compared to that
in cells treated with vehicle only (Figure 4A,B). This tau-specific
chase experiment confirmed that 3 was, in fact, accelerating tau
clearance, not regulating its production.
Using this same model, we investigated how 3 was impacting

other well-known tau epitopes. Tau expression was induced with
tetracycline in iHEK WT tau cells for 24 h and then tetracycline
was removed to stop tau expression. Cells were then treated with
3, and lysates were harvested at the indicated time points. After
1 h, 3 accelerated reductions of tau phosphorylated at S396/S404
and T231 compared to that in cells treated with vehicle alone.
Levels of tau phosphorylated at S262 and S356 were unchanged
compared to that in vehicle-treated cells, consistent with pre-
vious findings that this particular phospho-tau species is resistant
to tau-lowering agents15,18 (Figure 4C,D). The clearance of both
total tau species (epitopes were αα 2−18 or 404−441) was

Figure 5. (−)-aS,11R-Myricanol (3) clears tau through a non-proteasomal pathway. Representative western blot analysis of HEK293 cells transiently
transfected P301L tau and treated with either YM-01 (A) or 3 (B) at the indicated concentrations for 24 h. (C) Representative western blot of lysates
fromHEK P301L tau cells cotreated with 3 and proteosomal inhibitor MG-132 for 4 h. (D) Quantification of tau levels in (C) as a percentage of vehicle
treated ± standard error of the mean (SEM); n = 3.
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accelerated by 3, but this occurred more slowly than it did for
pS396/S404 and T231 tau species. Thus, select phospho-tau
species are rapidly reduced by 3 treatment, whereas total tau
levels are reduced, but with greater latency.
We previously demonstrated that the tau-lowering compound,

YM-01, promoted tau clearance through a ubiquitin-dependent
proteasomal mechanism.39 This is indicated by the accumulation
of high molecular weight tau species following treatment with
YM-01 in HEK P301L cells (Figure 5A). However, we observed
that treating these same cells with 3 did not produce high
molecular weight tau (Figure 5B). We also showed previously
that YM-01-mediated tau lowering was blocked when cells were
cotreated with a proteasomal inhibitor,39 but treating cells with
the proteasomal inhibitor, MG-132, had no impact on the tau-
lowering activity of 3 (Figure 5C,D), suggesting that 3 was
clearing tau through an alternative non-proteasomal mechanism.
We then turned to an unbiased approach to identify a possible

mechanism that was triggered by 3 to facilitate tau clearance.
We used SILAC proteomic analysis on lysates of the neuronal
cell line (M17) treated with or without 3 to help elucidate its
possible mechanism of action. These experiments were
performed in triplicate, and data was analyzed using Ingenuity
Pathway Analysis (IPA) software. Any peptides represented in
only one of these triplicates were excluded from the analysis. To
identify which other compound(s) 3 most closely represented,
we turned to the top upstream regulator prediction feature of the
IPA software. On the basis of our SILAC proteomic results, this
feature allowed us to predict those compounds or proteins that
activated or inhibited similar pathways as those modulated by 3.
Interestingly, the pathways activated by 3 treatment were the
same as those activated by the compound sirolimus/rapamycin
(Supporting Information Table 1). Rapamycin is a known
autophagy activator and has previously been implicated as a
possible treatment for tauopathy.42,43 On the basis of this
insight, HEK P301L tau cells were cotreated with the autophagy
inhibitor, 3-methyladenine (3-MA), and 3. In the absence of
3-MA, 3 reduced tau levels as expected; however, when 3-MA
was present, 3 activity against tau was abrogated (Figure 6A,B).
Compound 3 also induced LC3β in the iHEK cell model
(Figure 6C), a protein known to be elevated when autophagy
is activated.44,45 These findings provided further evidence that
part of the tau-lowering activity of 3 was due to activation of
autophagy.
While 3most closely resembled activated rapamycin signaling,

there were other pathways that were predicted to be somewhat
impacted by 3 treatment, albeit to a lesser extent. Some of these
pathways could be contributing to the effects of 3 on tau biology.
For example, 3 was shown to regulate a variety of translational
proteins from the EIF2, EIF4/p70S6K, and mTOR pathways
(Supporting Information Table 2). While our data from Figure 4
suggests that impaired translation of tau is not a major con-
tributor to the tau-lowering activity of 3, it could be having some
effect. In fact, we have previously shown that tau itself can alter
the EIF2 pathway,46 further suggesting a link between this
mechanism and tau. We also noticed that discrete phospho-tau
species were being rapidly reduced by 3 (Figure 4C). The
pS396/S404 and pT231 epitopes most affected by 3 (Figure 4C)
were those typically phosphorylated by known serine/threonine
tau kinases such as glycogen synthase kinase 3β (GSK3β), casein
kinase 2 (CK2), and mitogen activated protein kinase 1
(MAPK1/ERK2), as well as members of the protein kinase A
family. While the levels of GSK3β itself were not directly
influenced by 3 according to the proteomic data, an upstream

kinase capable of modifying GSK3β signaling was, MAPK1/
ERK247 (Supporting Information Table 3). In addition, both
CK2 and a member of the PKA family were also reduced by
3 treatment (Supporting Information Table 3). This could
represent another mechanism through which 3 is regulating tau
biology: by decreasing known tau kinases. Overall, while our data
suggests that activation of autophagy is the major activity of
3 that promotes tau clearance, our proteomic data provides
additional details about other mechanisms through which 3
could modify tau biology.
We then heated 1 in the presence of pTsOH for 24 h to try to

eliminate the active stereocenters and reduce the OH group at
C11. Themajor product was the cyclized tetralin derivative 13, in
45% yield (Figure 7A). We were surprised by the observation of
this derivative because rather than having the expected m,m-
bridged substitution (compound 14) pattern the molecule had
rearranged to an o,m-bridge, as determined by X-ray crystallog-
raphy (Figure 7B), likely because of the relief of ring strain in 1.
The X-ray crystal analysis of B showed the enantiomers of 13 as
aR,10R and aS,10S, but, after chiral HPLC, no assignment was
determined for (+)-13 and (−)-13. Myricanone (12) has been
reported to rearrange to 15 upon treatment with Lewis acid
boron trifluororide (BF3),

48 so we repeated this reaction.

Figure 6. (−)-aS,11R-Myricanol (3) clears tau via autophagy. (A)
Representative western blot of lysates from HEK P301L tau cells
cotreated with 3 and the autophagy inhibitor, 3-methyladenine (3-MA),
at the indicated concentrations for 6 h. (B)Quantification of tau levels in
(A) as a percentage of vehicle treated ± standard error of the mean
(SEM); n = 3. (C) Representative western blot of LC3β levels in iHEK
cells. Expression of WT Tau was induced for 24 h with tetracycline
(1mgmL−1). Tetracycline was removed, and cells were all treated with 3
at the same time. Lysates were harvested at the indicated time points and
analyzed by western blot for levels of LC3β. Densitometric values are
average ± SEM.
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Reduction of 15 using sodium borohydride gave 16, which is
reported for the first time (Figure 7A). Interestingly, while
compounds 12, 15, and 16were inactive against tau (not shown),
compound 13 maintained anti-tau activity that was similar to 3,
despite the rearrangement, alteration of the macrocycle ring,
and reduction of the hydroxyl group at C11 (Figure 8A,B). This
was important because it suggested that the exposed hydroxyl
moieties on the biphenyl motif were not causing tau degradation
through a pan-assay interference phenomenon.49 The enan-
tiomers of 13 were separated and collected individually by chiral
HPLC to evaluate whether the chiralities (C10 and 1,19-
biphenyl) of 13 were as important for activity as those (C11, 1,2-
biphenyl) for 3 were. Both (+)-13 ([α]D

20 = +93.6 (c = 0.08,
chloroform)) and (−)-13 ([α]D20 =−100 (c = 0.09, chloroform))
had similar activity against tau (Figure 8C), suggesting that this
molecule maintains anti-tau activity independent of chirality.
In conclusion, we have developed a new synthetic route for

the production of 1. Enantiomer 3 reduced tau levels in several
models of tauopathy. This molecule promoted tau clearance by
activating autophagy, but SILAC proteomic analysis suggested

that other pathways may also be engaged to alter tau production
and phosphorylation. We also produced 13, a derivative of 1, and
both (+) and (−) enantiomers of 13 maintained tau-lowering
efficacy. We attributed this to several unique structural features that
emerged during the preparation of 13. This work represents a major
step forward in understanding the stereochemistry and biochemistry
of this scaffold and perhaps defines 3 and 13 as early stage anti-tau
therapeutics and tools for investigating autophagy.

■ METHODS
Details regarding chemical synthesis, high-resolution mass spectrome-
try, crystallographic determinations, and SILAC methodologies are
included in the Supporting Information.

All chemicals and anhydrous solvents were purchased from
commercially available sources and used without additional purification.
General solvents and reagents were purchased from Fisher Scientific.
HRMS was performed on JMS-T100LC AccuTOF Reflectron time-of-
flight mass spectrometer with ESI source, MS-50010BU TOFMS base
unit (resolution, 6000 (fwhm), 5 ppm accuracy of mass value), and
Agilent 7980 gas chromatography quadrupole time-of-flight mass
spectrometer 7200 series with EI source. 1H NMR spectra were

Figure 7. Synthesis of 16 and a cyclized tetralin derivative thereof, 13. (A) The acid-mediated dehydration of 1 produced cyclized tetralin 13 as themajor
product, in which a rearrangement occurred. Compound 15 was prepared as described and reduced to 16. (B) The structure of 13, represented as a co-
crystal, consisted of two enantiomers related by an inversion center. Thermal displacement ellipsoids are drawn at the 50% propability level. Coloring
scheme: red, O; gray, C; and white, H.
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obtained on a Varian Mercury 300-MHz NMR and Varian 500-MHz
NMR DD cryoprobe. Chemical shifts are reported in parts per million
(ppm, δ) using various solvents as internal standards (CDCl3, δ 7.26;
DMSO-d6, δ 2.50). 1H NMR splitting patterns were designated as
singlet (s), doublet (d), triplet (t), or quartet (q). Splitting patterns that
could not be interpreted or easily visualized are recorded as multiplet (m) or
broad (br). Coupling constants were reported in hertz (Hz). Purity (%) and
mass spectral data were determined with aWaters Alliance 2695HPLC/MS
(Waters Symmetry C18, 4.6× 75mm, 3.5 μm) equipped with a 2996 diode
array detector from 210−400 nm; the solvent system is 5−95% acetonitrile
in water with 0.1% TFA over 9 min using a linear gradient. The chiral
separation was performedwith a Shimadzu 10ATHPLC (Phenomenex Lux
Cellulose-1, 10× 250mm, 5 μm) equipped with a SPD-10Av detector at
254 nm. Isocratic solvent system 1 was 5% isopropanol in hexane, and
isocratic solvent system 2 was 3% isopropanol in hexane at a flow rate of
5 mL min−1; retention times are in minutes.
Reagents. YM-01 was provided by J. Gestwicki. MG-132 was

obtained from AG Scientific and 3-MA was obtained from Sigma-
Aldrich. 3-MA was solubilized in water to 0.2 M. All other compounds
were solubilized in DMSO (Sigma-Aldrich) to 30 mM. Lipofectamine
2000 from Invitrogen was used for all transfections.
Cell Culture. HEK293T (ATCC) cells stably expressing P301L

4R0N tau, BE(2)-M17 (ATCC) cells, and HEK293T cells were main-
tained in DMEM plus 10% FBS (Life Technologies), 1% penicillin−
streptomycin (Invitrogen), and 1% Glutamax (complete media;
Thermo Scientific). HEK293T cells stably overexpressing tetracycline-
regulatable WT Tau 4R0N were maintained under zeocin and
blasticidin S HCl (Invitrogen) selection in complete DMEM. HeLa
(ATCC) cells stably expressing V5-tagged 4R0N tau15 were maintained
under G418 selection in Opti-Mem plus 10% FBS (complete media;
Invitrogen) as previously described.15 Transfections were performed
following Invitrogen’s plasmid DNA transfection protocol using Opti-
MEM. All cells were treated as indicated and were harvested as
previously described.15 Cells were washed twice in ice-cold PBS and
then scraped in cold MPER (Fisher Scientific) containing protease and
phosphatase inhibitors (PIC III, Calbiochem, PI2 and PI3, Sigma,
PMSF). Samples were allowed to incubate on ice, vortexed, and then
centrifuged at 10 000 rpm for 5 min at 4 °C to clear debris.
Ex Vivo Slice Cultures. All procedures involving experimentation

on animal subjects were done in accordance with the guidelines set forth
by the Institutional Animal Care and Use Committee of the University
of South Florida. Male 4 month old rTG4510 slice cultures were treated
and maintained as previously described.30

Western Blotting. After normalization of protein concentration
by bicinchoninic acid (BCA) (ThermoFisher), samples were run on

10% SDS-PAGE gels and transferred to PVDF (Immobilon, EMD
Millipore). Membranes were blocked for 1 h in 7% nonfat dry milk in
TBS-T before probing with anti-tau antibodies H150 (Santa Cruz
Biotechnology) and pT231 (Anaspec). Anti-actin and anti-GAPDH
were purchased from Sigma-Aldrich and Biodesign. All antibodies were
used at a dilution of 1:1000. Anti-S396/S404 phosphorylated tau
antibody (pS396/404) was used at a dilution of 1:500 (provided by
P. Davies). Primary antibodies were decteced by the species-appropriate
secondary antibodies (Southern Biotech). Antibodies were detected by
ECL (ThermoFisher).

Densitometry (Quant). All values are shown as percent vehicle
following actin normalization± standard error of the mean. Scion Image
software was used to calculate densitometry of all western blots.

SILAC/Proteomic Analysis.M17 neuroblastoma cells were labeled
for quantitation using SILAC media supplemented with 10% dialyzed
FBS, pen/strep, and L-lysine or 13C6-L-lysine 2HCl for M17 neuro-
blastoma cells (Thermo Scientific). Cells were maintained in T25 flasks,
and the subsequent procedure was followed as previously described.50

SILAC-fed neuronal M17 cells were treated with 3 or vehicle for 72 h.
Quantification was done using Ingenuity Pathway Analysis software.
The experiment was performed in triplicate. Proteins without peptide
representation in at least two of the triplicates were excluded from the
analysis.

Statistics. Statistical analyses were performed by one-way ANOVA
tests or Student’s t tests.
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