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Abstract

The accumulation and aggregation of the microtubule-associated protein tau (tau) into intracellular
neuronal tangles is a hallmark of a range of progressive neurodegenerative tauopathies; including
Alzheimer’s disease (AD), frontotemporal dementia, Pick’s disease, and progressive supranuclear
palsy. The aberrant phosphorylation of tau is associated with tau aggregates in AD. Members of
the heat shock protein 70 kDa (Hsp70) family of chaperones bind directly to tau and modulate
tau clearance and aggregation. Small molecules that inhibit the Hsp70 family of chaperones have
been shown to reduce the accumulation of tau, including phosphorylated tau. Here, eight analogs
of the rhodacyanine inhibitor, JG-98, were synthesized and evaluated. Like JG-98, many of the
compounds inhibited ATPase activity of the cytosolic heat shock cognate 70 protein (Hsc70)

and reduced total, aggregated, and phosphorylated tau accumulation in cultured cells. Three
compounds, representing divergent clogP values, were evaluated for /7 vivo blood brain barrier
penetration and tau reduction in an ex vivo brain slice model. AL69, the compound with the
lowest clogP and the lowest membrane retention in a parallel artificial membrane permeability
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assay (PAMPA), reduced phosphorylated tau accumulation. Our results suggest that benzothiazole
substitutions of JG-98 that increase hydrophilicity may increase the efficacy of these Hsp70
inhibitors to reduce phosphorylated tau.
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The accumulation of the microtubule associated protein tau into misfolded oligomers,
fibrils, paired helical filaments, and neurofibrillary tangles is a common feature of many
neurodegenerative diseases, termed tauopathies!—>; these include Alzheimer’s disease (AD),
frontotemporal dementia (FTD), Pick’s disease (PiD), and progressive supranuclear palsy
(PSP). Mutations in the gene encoding tau, MAPT, are causative for FTD. P301L tau

is one of the most common mutations®, which shows a high propensity to aggregate’.

The hyperphosphorylation of tau is also associated with its aggregation, particularly in
ADS8 9. Currently, there are no effective treatments for these diseases. Potential therapeutic
strategies include enhancing the clearance of tau or tau aggregates, facilitating the refolding
of misfolded tau, or sequestering toxic forms of taul®. Modulating the heat shock

protein 70kDa family (HSPA) of ATP-dependent molecular chaperones have demonstrated
neuroprotection in neurodegenerative tauopathy modelst-14,

Molecular chaperones, including HSPAs, bind to and promote refolding, facilitate
degradation, or regulate sequestration of client proteins in order to maintain a normal
cellular homeostasis® 16. There are 13 genes in the human HSPA family that encode both
constitutively active members like the cytosolic heat shock cognate 70 (Hsc70/HSPAS)
and stress-inducible members like heat shock protein 70 (Hsp70, Hsp72/HSPA1A)Y’. The
role of HSPAs in the clearance of tau differs depending on the chaperone ATPase activity
as well as the assortment of additional chaperones, co-chaperones and binding partners
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recruited to multi-subunit chaperone complexes. Hsc70 has been shown to bind directly

to phosphorylated tau in the AD brainl8 and interacts with tau in human iPSC-derived
neurons!®, While both major cytosolic forms bind to tau, Hsp70 works to both inhibit
aggregation and sequester tau oligomers and fibrils4, promoting the clearance of tau, while
Hsc70 slows degradation, preserving tau protein2%: 21, In addition, dominant negative Hsc70
mutants that lack ATPase activity potently enhance proteasomal degradation of tau22, which
supports HSPA inhibition as a potential mechanism to accentuate tau degradation. Small
molecule inhibitors that bind the nucleotide-binding domain (NBD), either competitively

in the ATP binding site or non-competitively at an allosteric site, prevent ATP hydrolysis
and lock Hsp70 in the “open” or “closed” state?%: 23-25, thereby promoting the proteasomal
degradation of tau®. These small molecule inhibitors, which include derivatives of the
rhodacyanine scaffold, have been studied broadly to inhibit HSPA function for cancer
therapeutics and to prevent the accumulation of tau2’=29,

The first identified rhodacyanine to bind to an allosteric site on Hsp70 and prevent cellular
tau accumulation was MKT-07724. Although MKT-077 is a promising lead, the low potency,
weak selectivity, mitochondrial localization, and poor membrane permeability of MKT-077
has driven structure-based efforts to develop improved molecules. The first derivative of
MKT-077, YM-0130. 31 enhanced the potency to prevent tau accumulation in HeLaC3 cells,
increased cytosolic localization, and reduced pathogenic tau in ex vivo brain slices from
transgenic rTg4510 mice, however YM-01 lacked detectable blood-brain permeability32. In
an effort to improve permeability, a second neutral derivative, YM-08 was developed in
which the cationic pyridinium was replaced with a neutral pyridine. In ex vivorTg4510
brain slices, YM-08 reduced phospho-tau but no reduction in total tau was reported,
consistent with the reduced potency of YM-08 to prevent tau accumulation in HeLaC3 cells
when compared to MKT-077 and YM-0132, As predicted, the neutral derivative, YM-08,
resulted in blood brain permeability, however YM-08 was metabolically unstable with a
half-life less than three minutes32,

In an effort to remove metabolic liabilities, an MKT-077 analog, JG-98, which replaced the
2-pyridyl with 2-thizolyl combined with a 5-Cl substitution, had substantially increased half-
life (t1/> = 37 minutes)33, greater potency to prevent cellular tau accumulation than YM-01
and reduced total tau in organotypic brain slices from rTg4510 mice?2. JG-98 exhibits high
specificity to the HSPA family, compared to other HSPA inhibitors, and does not elicit a
heat shock response34. Due to the interfering spectral properties of cationic rhodacyanine
molecules, neutral analogs of JG-98, such as JG-4813 and JG2—383%, have been synthesized
to investigate mechanisms of action, however the neutrality is predicted to be a metabolic
liability, thereby preventing /n vivo utility.

Using the JG-98 rhodacyanine scaffold and focusing on benzothiazole substitutions to
improve blood-brain barrier (BBB) penetrance, we have developed and tested a series of
HSPA inhibitor JG-98 analogs. Analogs discussed here include aryl halide substitution of
iodine, bromine, or fluorine for chlorine; as well as a phenyl substitution and ether analogs
at the same position. Our results demonstrate that most of these compounds inhibit Hsc70
ATPase activity and alter total, phospho-, and insoluble tau accumulation in cultured cells.
Tau potency was also measured in ex vivoslices from the brains of tau transgenic mice for
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three compounds with varying membrane retention, as determined by a blood-brain barrier
parallel artificial membrane permeability assay (PAMPA). Overall, this work suggests that
modifications to the JG-98 scaffold that increase hydrophilicity may be more potent towards
regulating tau in brain tissues.

Chemical synthesis of JG-98 analogs.

As the structure-activity relationship of the HSPA rhodacyanine scaffold matured from
MKT-077 through YM-01 and YM-08 to JG-98 (Figure 1A), it became clear that the

issue of BBB penetrance combined with potency had not been resolved and that neutral
analogs, such as YM-08 and JG-48, were significant metabolic liabilities3®. We, therefore,
focused on the JG-98 scaffold containing the constitutively charged ethyl thiazole ring

and developed benzothiazole substitutions (Figure 1B) to test for potency against tau
accumulation and membrane permeability. The rationale for benzothiazole substitution is
that the benzothiazole of JG-98 is predicted to bind at an allosteric site of HSPA that is
oriented toward the nucleotide binding site (Figure S1). A prediction agrees with previously
published models and NMR chemical shift perturbations3: 33. 36. 37 Small substitutions
such as halogenation are anticipated to maintain activity but may show improved membrane
permeability. We therefore synthesized JG-98 analogs as shown in Figure 1B, whose
viability was demonstrated by the synthesis of AL6 (5a) and isolation of the product as

the bromide salt. AL6 was shown to have identical tau lowering effects to JG-98 (Figure S2).
The requisite orthochloroanilines were either obtained commercially or prepared via Ullman
reaction from 1 with the appropriate alcohol to give 2. AL17 (5g) was synthesized directly
from AL16 (5f) with phenylboronic acid under standard Suzuki conditions.

Tau P301L protein levels decrease in cultured cells treated with rhodacyanine analogs.

To determine if our compounds could lower tau levels in mammalian cells, as shown

for prior rhodacyanine inhibitors?2: 28, inducible tau P301L-expressing HEK293T cells
were treated with 0.5% DMSO (vehicle) or increasing concentrations of the indicated
rhodacyanine compounds for 24 hours. Cell lysates were evaluated by Western blot with
antibodies immunoreactive to phosphorylated and total tau protein (Figure 2). AL6 reduced
total tau levels, regardless of the densitometry analysis being around the ~50kda tau band
or the full lane, and also reduced phosphorylated tau levels, consistent with Figure S2.
When analyzing the ~50kDa tau band alone, all AL-series compounds except AL61, AL70,
and AL17 reduced total tau levels, with AL61 trending toward significance (Figure 2B).
When performing the full lane analysis, AL69, AL16, AL29 and AL80 significantly reduced
phospho- and total tau levels, similar to AL6 (Figure 2C). When comparing compounds

at the same concentration, none of the compounds had a greater reduction of total tau or
phosphorylated tau levels relative to our benchmark compound AL6 when evaluated by one
way ANOVA using Dunnett’s post-hoc comparison.

Rhodacyanine analogs do not cause toxicity, except for AL61.

Toxicity of the eight rhodacyanine analogs were tested in SH-SY5Y human neuroblastoma
cells (Figure 3). With the exception of AL61 at 10 uM, these compounds did not result in
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measurable toxicity compared to DMSO vehicle control. AL61, the phenyl ether-containing
analog, significantly increased the levels of extracellular LDH, suggesting toxicity in this
cell line at 10 pM. This compound may be disfavored unless it exhibits desirable traits (like
BBB permeability) that distinguish it from other compounds.

Most rhodacyanine analogs inhibit Hsc70 ATPase activity.

Traditionally, HSPA ATPase activity has been determined using malachite green to quantify
the production of free orthophosphate by absorbance at 600 nm, however the charged
pyridinium of molecules like JG-98 and the AL-series compounds have fluorescent overlap
with malachite green making them incompatible with this assay!3: 29 38, Therefore, a
commercially available luciferase-based assay, ADP-Glo™ kinase assay, was used to assess
AL-series compatibility. The addition of AL6 at 30 uM had no effect, slope or signal, on the
ADP standard curve consisting of 0 to 50 uM ADP in the presence of 1% DMSO (vehicle)
(Figure 4A). The ATPase activity of Hsc70 in the presence of DnaJA2 and 1% DMSO
(vehicle) produced a luminescence signal within the ADP standard curve, consistent with
previous Hsc70 ATP turnover rates3: 38. 39, Next, Hsc70 ATPase activity in the presence of
increasing concentrations (3, 10, and 30 pM) of each compound, showed most compounds
inhibit ATPase activity similar to AL6 (Figure 4B). The weak inhibition of Hsc70 ATPase
activity by the AL-series compounds is consistent with other non-competitive ATP inhibitors
of the JG-98 scaffold. For instance, the neutral analog, JG-48, at 50 UM, previously showed
only 31-60% inhibition of Hsc70 ATPase activity while still reducing cellular tau at a

much lower dose of 10 pM13. Two compounds, AL70 with a trifluorethyl ether substitution
and AL17 with a phenyl substitution, had no effect on Hsc70 ATPase activity, regardless

of concentration, suggesting large or rigid substitutions may prevent Hsc70 binding. In
agreement with the lack of ATPase inhibition, AL17 and AL70 were also the only two
compounds to have no effect on cellular tau levels in iHekP301L cells by Western blot
analysis of the ~50 kDa tau band, as shown in Figure 2. Overall, reduction of Hsc70 ATPase
activity by AL-series compounds corresponded with reduced cellular tau.

Rhodacyanine derivatives do not directly modulate heparin-induced tau P301L
aggregation.

Prior data suggested that rhodacyanines, in addition to HSPA-dependent activity, may
directly inhibit tau aggregation28. To determine if our rhodacyanine analogs also had

this effect, heparin-induced /n vitro tau P301L aggregation assays were performed in the
presence of DMSO (vehicle) or the first five rhodacyanine derivatives in the AL-series,
including AL6. Only the DMSO control demonstrated the expected increase in ThT
fluorescence activity over 5 days, indicative of tau fibril formation. Each of the compounds
tested in the presence of tau prevented the increase in Thioflavin T (ThT) signal, this
effect was maintained over 5 days, as shown in Figure 5A. It is important to note that all
compounds significantly reduced intrinsic ThT fluorescence by almost 40% (ThT intensity
=~113 RFU in the presence of each compound compared to ~181 RFU for DMSO alone)
(Figure 5B). This suggests that these compounds may have spectroscopic properties that
interfere with ThT fluorescence, the compounds alone interact with ThT directly, or the
compounds alter ThT affinity for tau protein. To determine whether tau aggregation was
prevented, samples containing DMSO (vehicle) or the first two rhodacyanine derivatives in
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the AL-series, AL6 and AL60, were evaluated by transmission electron microscopy (TEM)
at the endpoint of the ThT assay (Figure 5C). TEM images showed robust fibrilization of
tau protein in the DMSO control as well as in the presence of AL6 and AL60. These results
indicate that the lack of ThT fluorescence signal does not represent inhibition of tau fibril
formation in the presence of these compounds, since TEM images clearly show tau fibrils
following AL6 and AL60 incubation. The remaining rhodacyanine analogs were not further
evaluated, by ThT fluorescence or TEM imaging, given the benchmark compound, ALS, did
not directly inhibit tau aggregation.

All rhodacyanine compounds lack BBB permeability but have variable membrane retention

levels.

A parallel artificial membrane permeability assay (PAMPA) was used to determine
permeability, using the Pion BBB-1 phospholipid mixture (Figure 6A). AL6 and all eight
of the rhodacyanine analogs tested showed no observable permeability into the acceptor
sink buffer after 24 hours. Membrane retention was calculated by measuring the initial
compound concentration and subtracting the concentration in the acceptor and donor sink
after 24 hours. Retention of the compounds in the membrane was observed for all AL-
series compounds and correlated well with the predicted logP values (clogP), as shown

in Figure 6B. Membrane retention ranged from 31-95% with lower membrane retention
due to higher compound concentration remaining in the donor sink. The methyl ether
analog (AL69) exhibited the lowest membrane retention, while the benzyl ether analog
(AL80) demonstrated the highest membrane retention. The benchmark compound (AL6)
demonstrated a mid-range membrane retention. These results showed none of the AL-series
compounds crossed the membrane by passive diffusion but suggests increased hydrophilicity
prevents compounds from being trapped in the membrane.

Although PAMPA can be utilized as a predictor of BBB permeability, there are limitations
to PAMPA that do not entirely represent the BBB, such as a lack of active transporters and
cellular composition®0: 41, To validate that the AL-series compounds are BBB impermeable
as predicted by PAMPA, mice were treated with AL6, AL69, or AL80 by intraperitoneal
(i.p.) injection, after 1 hour brain tissue and blood plasma harvested for measurement of
compound concentration by LC-MS. As expected, AL6, AL69, and AL80 were not detected
at appreciable levels in the brain with brain/plasma (B/P) ratios less than 0.015 (Figure S3).

Insoluble tau P301L protein levels decrease in cultured cells treated with rhodacyanine

analogs.

Prior work has shown that HSPA inhibitors promote degradation of tau, but whether HSPA
inhibitors alter soluble and insoluble states of cellular tau has been weakly explored25,

In order to determine whether rhodacyanines alter soluble and insoluble tau levels, we

first had to establish that insoluble tau accumulation could reach an appreciable level in
iHekP301L cells with only 24 hours tetracycline induction, given our prior work involved
3-5 days tetracycline induction®?: 43, To accomplish this, iHekP301L cells were plated with
tetracycline for 24 hours followed by treatment with 0.5% DMSO (vehicle) or AL6 at 10
UM for 24 hours. Cell lysis was performed using Triton X-100, a mild non-ionic detergent,
and tau protein was fractionated into total, Triton-soluble and Triton-insoluble protein for

ACS Chem Biol. Author manuscript; available in PMC 2024 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hill et al.

Page 7

evaluation by Western blot. For vehicle-treated iHekP301L cells, insoluble tau was clearly
visible by Western blot and AL6 treatment significantly reduced total, soluble, and insoluble
tau (Figure S4).

ALB9 and AL80 were next selected to represent different membrane retention profiles with
similar cellular tau reduction attributes as AL6, to determine if AL69 and AL80 also reduce
the accumulation of soluble and insoluble tau. Both AL69 and AL80, significantly reduced
total, soluble and insoluble tau (Figure 7). For all three compounds, the percent reduction
of insoluble tau was greater than the percent reduction of total or soluble tau. These results,
when combined with the ATPase activity assay and heparin-induced tau aggregation assay,
suggest that inhibiting HSPA ATPase activity with rhodacyanines prevents the accumulation
of insoluble cellular tau, through HSPA inhibition.

Low membrane retention of rhodacyanine compounds corresponds with reduced
phospho-tau accumulation in brain tissue.

ALB, AL69, and AL80 were again selected to represent different membrane retention
profiles and evaluated in an acute ex vivo brain slice assay to determine effects on tau
protein levels. rTg4510 mice were selected since they express P301L tau on the CamKlla
promoter#4. This results in progressive tau accumulation throughout the forebrain including
phosphorylated tau species by 3 months of age and aggregated tau by 6-months of age,
which has been well characterized®. We used ex vivo slices pooled from three 7-month-
old rTg4510 mice for each treatment. AL69 dose dependently reduced PHF1 phospho-tau
levels compared to DMSO control, which reached significance at 10 uM (Figure 8). There
was also a significant reduction in PHF1 phospho-tau compared to AL6 and AL80 at

this concentration. AL6 showed a slight trend toward increasing PHF1 phospho-tau at 10
UM that did not reach significance, which was surprising, since this was counter to the
iHekP301L cellular data, where PHF1 phospho-tau was reduced upon AL6 treatment. Given
ALB, AL69, and AL80 had similar potency at reducing tau accumulation in iHekP301L
cells, as shown in Figure 2, the ex vivo brain slice results suggest the increased efficacy of
AL69 towards reducing phospho-tau may be driven by increased hydrophilicity.

DISCUSSION

Many classes of HSPA inhibitors have been shown to affect tau accumulation. The
phenothiazine class, which includes methylene blue (MB)*6 and the Azure series of
derivatives#’, appears to have multiple molecular mechanisms that affect tau. MB inhibits
HSPA ATPase activity resulting in reduced tau levels?® 48 but also has been suggested

to reduce tau fibrilization directly*®: 49, The mechanism of action for these phenothiazine
compounds appears to be through oxidation of cysteine residues, an effect not selective for
tau and HSPA*. The clinical failure of these compounds may be linked to this non-specific
mechanism and/or to the inhibition of tau fibrilization favoring the accumulation of smaller
toxic oligomers#®. From the flavanol class, myricetin inhibited tau aggregation Jn vitro and
reduced tau levels in a HeLa cell model, suggesting effects on tau directly as well as through
HSPA inhibition26: 50,
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The rhodacyanine class of inhibitors, MKT-07724, YM-0832, and JG-9813: 22. 28 hind to

an allosteric site within the nucleotide-binding domain of HSPA, adjacent to the ATP/ADP
docking site, some of which are reported to inhibit tau aggregation and/or reduce cellular
tau levels. Here, we evaluated additional rhodacyanine scaffold analogs, based on a bromide
salt form of the JG-98 scaffold (AL6), which can be easily generated via the bromide salt

of 7. Using the bromide salt did not affect the anti-tau activity but improved the synthetic
yield. The substitution pattern about the benzothiazole group was designed to target the
narrow pocket previously proposed to point toward the nucleotide binding site on HSPA. We
selected ether linkages in part to enable adequate flexibility to adopt an optimal orientation
in this pocket.

Five of the AL-series compounds examined using an /n vitro heparin-induced aggregation
assay showed inhibition of ThT fluorescence when included with tau P301L. Yet inhibition
of tau fibril formation was not evident via TEM imaging. Other compounds have been
reported to interfere with ThT fluorescence aggregation assays®1—23; therefore, it is common
practice to not rely on ThT results alone to monitor aggregation. Here, we conclude that
ThT assays are not compatible with this class of compounds at ~10 uM, most likely due to
fluorescent properties of the charged pyridinium group on the JG-98 scaffold. Therefore, we
did not evaluate the remaining AL compounds with a ThT assay. A recent study shows that
replacement of this charged pyridinium with a neutral pyridinium can significantly reduce
intrinsic fluorescence while maintaining HSPA-related activity2?, providing a new scaffold
that may be suitable for fluorescence-based biochemical and cellular assays. Therefore,
while certain tau reducing compounds may have mechanisms that include both HSPA
inhibition and direct interactions with tau, here we conclude that rhodacyanine compounds
show little evidence for direct inhibition of tau aggregation /in vitro.

All rhodacyanine analogs in the AL-series modulated tau levels in mammalian cells, with
AL17 (X =Ph) and AL70 (X = OCH2CF3) showing the least tau reducing activity, an effect
which corresponded with the lack of HSPA ATPase inhibition for AL17 and AL70. While
we hypothesized that the fluorinated analog would provide improved pharmacokinetics by
limiting the metabolic liability of the ether appendage, none of the rhodacyanine analogs
tested allowed for membrane permeability. A comparison of compounds with high (AL80),
medium (AL6), and low (AL69) membrane retention profiles in tau P301L expressing ex
vivo brain slices, suggests that efforts to decrease membrane retention characteristics result
in improved effects on reducing phospho-tau accumulation. The nature of these substituents
(specifically, X = OCH,Ph, Cl and OMe, respectively) suggests that flexible substitution

is preferred for achieving this goal. Overall, our data suggest membrane retention appears
to be a characteristic that is tunable with benzothiazole substitutions, which may enable

the synthesis of BBB-penetrant derivatives that maintain or improve potency towards the
modulation of tau.

METHODS

Reagents and Antibodies.

JG-98 was generously provided by J. Gestwicki (University of California, San Francisco,
CA). All compounds were solubilized in DMSO (Sigma-Aldrich, St. Louis, MO). Tau5
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was a gift from Nicholas Kanaan at Michigan State University (originally created by Lester
Binder at Northwestern University), anti-PHF1 was a gift from Peter Davies from Albert
Einstein University, anti-phospho-tau threonine 231 (pT231) was purchased from AnaSpec
(Freemont, CA), anti-tau (H-150) was purchased from Santa Cruz Biotech (Dallas, Tx)

and anti-GAPDH and anti- Actin was purchased from ProteinTech (Rosemont, IL). HRP-
tagged secondary antibodies were purchased from Southern Biotech (Birmingham, AL). All
primary and secondary antibodies were diluted in 7% nonfat dry milk (Research Products
International, Mt. Prospect, IL) in 1X Tris-buffered saline (TBS).

nthesis.

The full experimental details for the synthesis of each of the new compounds is described in
Figure 1. Each synthesized compound was determined to be >95% pure by HPLC analysis,
and the structures confirmed by NMR and high-resolution mass spectrometry. Detailed
analytical data for each compound is provided in the Supplemental Procedures.

ession and Purification.

E. coli BL21 cells were transformed with 4RON tau P301L inserted into a pET28a vector
with an engineered 6x histidine tag and TEV protease site. For 4RON tau P301L production,
cells were grown at 37°C in LB media containing 100 pg/mL kanamycin. When the OD600
reached 0.8 the cells were induced with 1 mM of IPTG (Gold Biotechnology, Olivette, MO)
for 3 hours. Centrifugation at 5,000 x g for 20 min was used to pellet the cells, which

were then resuspended with nickel chromatography running buffer (20 mM Tris-HCI pH 8.0,
500 mM NacCl, 10 mM Imidazole) containing protease inhibitors. Then the cells were lysed
using a freeze-thaw cycle followed by sonication. The lysed cells were centrifuged at 50,000
x g for 30 minutes at 4°C. The supernatant was purified using affinity purification with a
standard gravity column packed with HisPur™ Ni-NTA Resin (Fisher Scientific, Hampton,
NH). Eluted fractions were treated with TEV protease for 4 hours at room temperature then
dialyzed in nickel chromatography running buffer overnight. A second nickel purification
column was run, and cleaved tau protein was collected in the flow through, the relative
amount of uncleaved tau in the eluted fractions was also assessed by SDS-PAGE followed
by Coomassie staining. Size exclusion chromatography was used to further purify tau
protein with a HiLoad 16/600 Superdex 200 pg column. Protein fractions were pooled

and concentrated to 2 mg/mL. The concentrated protein samples were then aliquoted, flash
frozen with liquid nitrogen, and stored at —80°C until use. Hsc70 and DnaJA2 were grown
similarly, except Hsc70 and DnaJA2 were treated with TEV for 5 hours to ensure full His
cleavage before further purification.

Tetracycline-regulatable ON4R tau P301L stably expressing HEK293T cells

(iHekP301L)20: 42. 43 ere maintained in DMEM (Corning, Corning, NY) plus 10% FBS
(VWR, Radnor, PA), and 1% penicillin/streptomycin (Invitrogen, Waltham, MA). Cells were
induced with tetracycline hydrochloride (Sigma-Aldrich, St. Louis, MO) for 24 hours, then
treated with compounds at 1 M, 3 pM, and 10 pM respectively for 24 hours. Cells were
harvested in RIPA buffer (150 mM sodium chloride, 1.0% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris [pH 8]) containing protease and phosphatase inhibitor

ACS Chem Biol. Author manuscript; available in PMC 2024 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hill et al.

Page 10

cocktails (complete RIPA). Human neuroblastoma cells (SH-SY5Y, ATCC, Manassas,
VA) were maintained in Advanced DMEM/F12 (Life Technologies, Carlsbad, CA) with
10% FBS and 1% penicillin/streptomycin. Cells were plated onto 12-well plates at 80%
confluency then treated with compounds at 1 uM, 3 uM, and 10 pM, respectively, for 24
hours prior to removal of media for LDH cytotoxicity assay.

For Triton-soluble and Triton-insoluble fractionation in 10 cm dishes, iHekP301L cells were
detached by pipetting, washed with 8mL of PBS buffer, and lysed in 1 mL of Triton X-100
lysis buffer consisting of 50 mM Tris base pH 8.0, 150 mM NaCl, 5 mM EDTA, and 1%
Triton X-100 supplemented with protease and phosphatase inhibitor cocktails. After 10 min
on ice, lysed cells were centrifuged at 3,000 x g for 10 minutes to remove cell debris and
100 pL of the supernatant was removed for further analysis. The remaining supernatant was
then centrifuged at 21,000 x g for 30 min and the high-speed supernatant isolated as the
Triton-soluble fraction. The high-speed pellet was then resuspended with 1 mL of Triton
X-100 lysis buffer to wash the pellet and re-pelleted by centrifugation at 21,000 x g for

30 min. All centrifugation steps were performed at 4°C. The final pellet or Triton-insoluble
fraction was resuspended in a buffer containing 8 M urea, 50 mM Tris base pH 8.0, 2%
SDS, 10 mM EDTA, and sonicated at room temperature for 3 pulses at 25% amplitude for
5 s on/10 s off. Total protein concentration from the initial supernatant was measured by
bicinchonic acid assay (BCA; ThermoFisher Scientific, Waltham, MA) and used to load
equal amounts of soluble and insoluble protein.

LDH Cytotoxicity Assay.

Media was collected from treated SH-SY5Y cells and used to perform a Lactate
Dehydrogenase (LDH) cytotoxicity assay using the Pierce LDH cytotoxicity assay kit
(ThermoFisher Scientific, Waltham, MA) as recommended by the manufacturer. Values
are presented as the percent of LDH release compared to a control well of lysed cells
representing 100% toxicity. Statistical analysis compares samples to a DMSO vehicle
control treatment.

Hsc70 ATPase Activity Assay.

The ADP-Glo™ kinase assay (Promega, V6930) was used to measure ATPase activity of
recombinant Hsc70 in the presence of increasing concentrations (3, 10, and 30 pM) of
each AL-series compound or 1% DMSO (vehicle). Prior to setting up the ATPase reaction,
recombinant Hsc70 and DnaJA2 proteins were dialyzed overnight at 4°C in the ATPase
assay buffer composed of 40 mM Tris pH 7.5 and 20 mM MgCl,. Following dialysis,

any protein precipitation was removed by spinning the samples at 2,300 g at 4°C for 10
minutes and collecting the supernatant. ATPase reactions were performed at 37°C for 3
hours in a volume of 100 pL consisting of 1 uM Hsc70, 1 uM DnaJA2, 1ImM ATP, and the
appropriate AL-series compound or 1% DMSO (vehicle). Hsc70, DnaJA2, and compound
were pre-incubated for 30 minutes at room temperature prior to the addition of ATP. At
the termination of each reaction, 10 L reaction volume was added in triplicate to a white,
opaque 96 well half-area microplate (Corning, CLS3693), followed by 10 uL ADP-Glo™
reagent, and 20 uL detection reagent with the appropriate incubation times as described in
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the manufacturers’ instructions. Luminescence signal was measured using a Biotek Synergy
H1 and confirmed to be within the linear range of the ADP standard curve.

Thioflavin T Aggregation Kinetics Assay.

TEM.

Recombinant human P301L tau was dialyzed into 100 mM sodium acetate buffer pH 7.4
overnight. Samples consisting of 20 uM P301L tau and 2x the indicated concentration of
compound were incubated at room temperature for 1 hour prior to starting the assay. Using
a master mix of 2x concentrated heparin (MP Biomedicals, Santa Anna, CA), Thioflavin

T (Sigma-Aldrich, St. Louis, MO), and dithiothreitol (ThermoFisher Scientific, Waltham,
MA), samples were diluted to a final concentration of 10 uM P301L tau, 2.5 uM heparin,

10 uM thioflavin T, the compounds at indicated concentrations or DMSO, and 2 mM
dithiothreitol in 100 mM sodium acetate at pH 7.4. A total of 200 puL was added to each
well of a low binding 96-well black sided clear bottom costar plate (Corning, Corning, NY).
Each plate was incubated at 37 °C, and fluorescence intensity (440 excitation, 482 emission)
was measured over a 5-day period using a BioTek (Winooski, VT) Synergy H1 microplate
reader.

Following ThT aggregation assays, 10 pL of each sample was adsorbed onto square mesh
copper grids (CF300-Cu) for 45 seconds. Grids were washed twice with 10 L of deionized
water, and the excess water was removed. Samples were negatively stained with 2% uranyl
acetate for 45 seconds and dried overnight in desiccant. Grids were viewed using a JEOL
1400 Digital Transmission Electron Microscope, and images were captured with a Gatan
Orius wide-field camera. To prevent bias, grids were systematically scanned and at least

3 overview images at 8,000x magnification were acquired before imaging at the higher
magnification, 60,000%, shown.

Western Blotting.

Following cell lysis, samples were cleared by centrifugation at 10,000 x g for 5 minutes and
protein concentrations were normalized by BCA. Cell lysate samples were prepared with 2x
Laemmli containing p-mercaptoethanol (BME) and denatured using 100 °C for 10 minutes.
Ex vivobrain slice lysates were processed using the same methods. Samples were run on
5-20% gradient or Any kD TGX Precast gels (Bio-Rad, Hercules, CA) then transferred to
PVDF membranes (Immunobilon, EMD Millipore, Burlington, MA). The membranes were
then blocked with 7% nonfat dry milk diluted in 1x TBS for 1 hour prior to being probed
overnight at 4°C against the primary antibody. The primary antibodies were then detected by
species specific secondary antibodies and chemiluminescence was observed using an ECL
Western blot detection reagent using an ImageQuant LAS 4000 (GE Healthcare, Chicago,
IL). Immunoreactive signal was quantified with BioRad Image Lab software. Values shown
represent mean intensities of the antibody used relative to GAPDH and normalized to the
mean of the DMSO control condition.
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Parallel artificial membrane permeability assay.

Compounds were evaluated by Pion, Inc. (Billerica, MA) for permeability using a Blood
Brain Barrier-PAMPA assay. 10 mM stock solutions in DMSO were diluted to 100 uM in
PRISMA buffer (pH 7.4). 150 pL of diluted compound was placed in a UV plate reader
to obtain the reference spectrum for each compound. Six replicates of 200 uL of each
diluted compound were used to fill the PAMPA donor plate, as well as DMSO controls.
The precoated BBB lipid acceptor plate was filled with 200 uL. BBB acceptor sink buffer.
The PAMPA sandwich was placed together and incubated in dark at room temperature
for 24 hours. Aliquots of the donor and acceptor plate were taken, and UV spectra were
obtained to quantitate compounds. UV spectra were compared to the reference spectra for
each compound.

In vivo blood brain barrier permeability.

All procedures involving animal subjects were performed in accordance with the guidelines
set forth by the Institutional Animal Care and Use Committee (IACUC) at the University of
South Florida. For assessment of blood brain barrier penetration, 10-weeks old C57BL/6J
mice (Jackson Laboratory, stock #00064) were treated with AL6, AL69, or AL80 at 3 mg/kg
by i.p. injection. The plasma and brain were collected 1 hour after injection. Plasma was
obtained by collecting 200 pL whole blood in tubes containing 60 pL 0.5 M EDTA, pH 8 on
ice, followed by centrifugation at 3000 x g for 10 min at 4 °C to isolate supernatant. Brain
tissue homogenates were prepared by adding three volumes ice-cold PBS with 5% bovine
serum albumin (BSA) and homogenizing for 3 min using an IKA T10 Basic S1 disperser

at speed 5.5. Plasma (brain) samples of 75 pL (150 L) were added to 150 pL methanol.
Samples were allowed to rest on ice for 15 min and then centrifuged at 12,000 rpm and

4°C for 15 min. Clarified supernatants were transferred to vials and analyzed by tandem
mass spectrometry. The LC-MS analysis was performed using an Agilent 1260 HPLC on

a Kinetex PolarC18 column (4.6 x 100 mm, 2.6 um; Phenomenex) at 40°C under ACNaq
(+0.1% formic acid) gradient condition of 30-30% over 1 min, 30-95% over 6 min, 95%
over 3 min, 95-30% over 0.5 min, 30-30% over 1.5 min with 1 min equilibration time at

a flow rate of 0.5 mL/min. The HPLC was coupled with an Agilent triple quadruple mass
spectrometer 6460 equipped with an electrospray ionization (ESI) source using the Agilent
Jet Stream technology. The samples were injected at a volume of 1 uL and analyzed using
positive mode with capillary voltage at 4000V, gas temperature at 300 °C, gas flow rate at 10
L/min, nebulizer pressure at 20 PSI, sheath heater at 350 °C, sheath gas glow at 7.5 L/min.
Data acquisition were controlled by the Agilent Mass hunter acquisition software B05 and
the MRM transitions were optimized at fragmentor voltage of 88 V and collision energy of
25 V for 5a (AL6) m/z 498.0 — 407.0, 5d (AL69) m/z 494.1 — 403.0 and 5i (AL80) m/z
570.1 — 479.1.

Ex vivo brain slice assay.

Acute brain slices were prepared and processed, as previously described3!. Seven-month-
old rTg4510 mice were euthanized by rapid decapitation, and whole brains were rapidly
removed and submerged in ice cold cutting solution (110 mM Sucrose, 60 mM NaCl, 3
mM KCI, 1.25 mM NaH»PQOg4, 28 MM NaHCO3, 5 mM Glucose, 0.6 mM Ascorbate, 0.5
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mM CaCl, (Dihydrate), and 7 mM MgCl, (Hexahydrate). Horizontal slices of 400 pm
were generated with a vibratome (Thermo Microm HM650V). Once sectioned, tissue was
placed in a room temperature solution for 10 minutes made of cutting solution (50%) and
Artificial Cerebrospinal Fluid (50%; ACSF) — 125 mM NacCl, 2.5 mM KClI, 1.25 mM
NaH,PO4, 25 mM NaHCO3, 25 mM Glucose, 2 mM CaCl, (Dihydrate), and 1 mM MgCl,
(Hexahydrate). Slices were then place in ACSF at 32°C for 15 minutes and then treated
with AL compounds, AL6, AL69, AL80 at 10, 3.33, and 1.11 uM or DMSO control. Slices
were harvested after 6 hours and lysed in mammalian protein extraction reagent (MPER,;
ThermoFisher Scientific, Waltham, MA) containing protease and phosphatase inhibitors. A
Pellet Pestle was then used to disrupt tissue, which was allowed to incubate for 30 minutes
on ice. The homogenate was centrifuged at 15,000 x g for 30 minutes and supernatant was
used for further analysis by BCA protein assay and Western blot.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HSPA Heat shock protein 70kDa family
Hsc70 heat shock cognate 70 kDa
Hsp70 Heat shock protein 70 kDa
tau microtubule associated protein tau
AD Alzheimer’s disease
FTD frontotemporal dementia
i.p. intraperitoneal
PiD Pick’s disease
PSP progressive supranuclear palsy
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Figure 1: Synthesis of rhodacyanine compounds.

A: Primary HSPA rhodacyanine compounds. B: Scheme for the synthesis of the HSPA
rhodacyanine analogs AL6, AL60, AL61, AL69, AL70, AL16, AL17, AL29, and AL80 used

in this study.
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Figure 2: Select benzothiazole-substituted rhodacyanine compounds potently reducetau levelsin
iHekP301L cells.

A: Representative Western blots of lysates from inducible tau P301L (iHekP301L) cells
incubated with the indicated compounds or a DMSO vehicle are shown. Tau5 antibody
detects total tau protein, PHF1 antibody detects tau phosphorylated at S396 and S404, and
pT231 detects tau phosphorylated at T231. Antibodies used for left and right blots are shown
on the right. Quantitation of signal near the ~50 kda band of B: Tau5 and total signal in

the full lane of C: Tau5, D: PHF1 (pS396/S404 tau), E: pT231 tau normalized to GAPDH.
Statistical analysis of the mean + SEM from 3 independent experiments was evaluated

by one-way ANOVA using Dunnett’s post-hoc comparison to the DMSO vehicle control
condition (* p<0.05; ** p<0.01; *** p<0.001).
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Figure 3: Most rhodacyanine analogs show no cellular toxicity.
Toxicity after 24-hour treatment of each compound in cultured SH-SY5Y human

neuroblastoma cells was measured using an LDH assay. Values are expressed in % toxicity,
which is the mean percent of extracellular LDH measured, relative to a control sample of
completely lysed cells, from three independent experiments (+ SEM). Statistical analysis
was evaluated by one-way ANOVA using Dunnett’s post-hoc multiple comparisons test (***
p<0.001) to the DMSO control.
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Figure 4: Rhodacyanine compounds inhibit recombinant Hsc70 AT Pase activity.
A: ADP standard curve in the presence of 1% DMSO (vehicle control) compared to

ALG at 30 uM. Linear regression analysis confirmed the slopes and y-intercepts were not
statistically different. The red star indicates the luminescence signal measured for Hsc70
ATPase activity in the presence of 1% DMSQO. B: Percentage of ATPase activity relative
to 1% DMSO (vehicle control). Data shown are the mean £ SEM from one representative
experiment performed in triplicate. Statistical analysis of each compound relative to the
DMSO control was evaluated by one-way ANOVA using Dunnett’s post-hoc multiple
comparison test (* p<0.05. ** p<0.01, *** p<0.001).
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Figure 5: Rhodacyanine analogs are not compatible with the ThT tau aggregation assay and do
not directly inhibit heparin-induced tau aggregation.

A: Thioflavin T (ThT) fluorescence signal in relative fluorescent units (RFUs) over 5 days
of incubation with heparin and tau P301L protein in the presence of DMSO vehicle or

the indicated compounds at 10 uM. Data shown are the means of 6 replicates for each
condition (+ SEM). Statistical analysis was evaluated by one-way ANOVA using Dunnett’s
post-hoc comparison to the Buffer + DMSO vehicle control condition at each timepoint (***
p<0.001). B: Initial ThT at T=0 hours at 10 uM compound compared to DMSO control.
Data shown are the means of 2—4 replicates for each condition (+ SEM). Statistical analysis
was evaluated by one-way ANOVA using Dunnett’s post-hoc comparison to the Buffer +
DMSO vehicle control condition (*** p<0.001). C: Representative 60,000x TEM images of
aggregated tau protein from day 5 of the /n vitro aggregation assay in the presence of DMSO
vehicle, AL6, or AL60. Scale bars = 200 nm.

ACS Chem Biol. Author manuscript; available in PMC 2024 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hill et al.

Page 23
A  |PAMPA membrane|Retained in PAMPA loaP
permeability (%) | membrane (%) clog
AL6 0 59 2.96
AL60 0 60 387
AL61 0 71 4.16
AL69 0 31 2.09
AL70 0 44 2.89
AL16 0 42 3.11
AL17 0 81 3.95
AL29 0 32 2.39
AL80 0 95 3.86
100
B E AL80
(]
£9 . AL17 ¢
o H {ALM
£ 2
g o ALG ® AL6O
Qo
- £ 50-
c °E9 AL70
B ® AL16
3 <
5Q ALGQE }ALZQ
S = 25
2
0 T T T T T I
1.5 2.0 25 3.0 3.5 4.0 4.5
clogP

Figure 6: PAMPA membrane data and correlation of clogP to BBB-PAMPA membrane
retention.

A: PAMPA membrane permeability, retention, and calculated clogP for rhodacyanine
analogs. B: A graph of the clogP and BBB-PAMPA membrane retention. A simple linear
regression fit line is shown in grey.

ACS Chem Biol. Author manuscript; available in PMC 2024 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hill et al.

ALGY AL80

Page 24

DMSO

5oJ.-...------. Taus (Total)

SO—{ - — --------- Tau5 (Soluble)

37W---” GAPDH

AL6 AL69 AL80

DMSO

50—

o

Normalized
Tau5/GAPDH + SEM
(4]
o
1

‘e e B T 5 (nsoluble)
Total ; Soluble . _ Insoluble
1004 /5 x * % __'__ x*  * % L
o * $ - T
o il

Figure 7: Rhodacyanine analogs, AL6, AL 69, and AL 80 reduce total, soluble, and insoluble tau

levelsin iHekP301L cells.

A: Representative Western blots of fractionated lysates into total, soluble, and insoluble tau
from inducible tau P301L (iHekP301L) cells incubated with AL6, AL69, AL80, or DMSO
vehicle are shown. Tau5 antibody detects total tau protein. B: Quantitation of total tau prior
to fractionation, soluble tau, and insoluble tau normalized to GAPDH. For insoluble tau,
GAPDH from the soluble blot was used for normalization. Statistical analysis of the mean
+ SEM from 3 replicates was evaluated by one-way ANOVA using Dunnett’s post-hoc
comparison to the DMSO vehicle control condition (* p<0.05; ** p<0.01; *** p<0.001).
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Figure 8: Rhodacyanine compounds modulate the levels of phosphorylated tau in ex vivo brain
dlicesfrom rTg4510 mice.

A: Representative Western blots of ex vivo brain slices from N=3 mice treated with DMSO
control, AL6, AL69, or AL8O0, as indicated. Quantitation of total signal in the full lane of
B: Tau5, C: PHF1 (pS396/S404 tau), D: pT231 tau normalized to Actin. Statistical analysis
of the mean + SEM, from 2 technical Western blot replicates were evaluated by one-way
ANOVA using Dunnett’s post-hoc comparison to the DMSO vehicle control condition
(*p<0.05; **p<0.01; ***p<0.001).
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