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Abstract

Three scaffolds with inhibitory activity against the heat shock protein 70 (Hsp70) family of 

chaperones have been found to enhance the degradation of the microtubule associated protein tau 

in cells, neurons, and brain tissue. This is important because tau accumulation is linked to 

neurodegenerative diseases including Alzheimer’s disease (AD) and chronic traumatic 

encephalopathy (CTE). Here, we expanded upon this study to investigate the anti-tau efficacy of 

additional scaffolds with Hsp70 inhibitory activity. Five of the nine scaffolds tested lowered tau 

levels, with the rhodacyanine and phenothiazine scaffolds exhibiting the highest potency as 

previously described. Because phenothiazines also inhibit tau aggregation in vitro, we suspected 

that this activity might be a more accurate predictor of tau lowering. Interestingly, the 

rhodacyanines did inhibit in vitro tau aggregation to a similar degree as phenothiazines, correlating 

well with tau-lowering efficacy in cells and ex vivo slices. Moreover, other Hsp70 inhibitor 

scaffolds with weaker tau-lowering activity in cells inhibited tau aggregation in vitro, albeit at 

lower potencies. When we tested six well-characterized tau aggregation inhibitors, we determined 

that this mechanism of action was not a better predictor of tau-lowering than Hsp70 inhibition. 

Instead, we found that compounds possessing both activities were the most effective at promoting 

tau clearance. Moreover, cytotoxicity and PAINS activity are critical factors that can lead to false-
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positive lead identification. Strategies designed around these principles will likely yield more 

efficacious tau-lowering compounds.

Graphical Abstract

Aggregation and accumulation of the microtubule associated protein tau is a common 

feature of several neurodegenerative diseases, referred to as tauopathies, which include 

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 A 

plethora of therapeutic strategies have been employed to attempt to prevent aberrant tau 

accumulation and toxicity, including kinase inhibitors, humanized antibodies, aggregation 

inhibitors, microtubule stabilizing compounds, and small molecules targeting degradation 

machinery.3–11 Some of our original work sought to identify molecules that could simply 

facilitate tau clearance, regardless of any particular known mechanism of action.12,13 While 

many of the compounds identified were largely cytotoxic, leading to a perceived reduction in 

tau, through these studies, we were able to identify chaperone modulators as one family of 

compounds capable of anti-tau activity independent of this toxicity.12 In particular, inhibitors 

of the heat shock protein 70 kDa (Hsp70) chaperone family are highly effective at lowering 

tau.8,14 When the activity of these molecular chaperones is pharmacologically or even 

genetically inhibited, tau can be degraded.15–18 Recently, a number of other small molecules 

with anti-Hsp70 activity have been described. Some of these Hsp70 inhibitor scaffolds 

mimic ATP and act as a competitive inhibitor in the ATP pocket, while others are thought to 

act allosterically, blocking cofactor or substrate interactions.19,20,8,9,21–28 But, the activity of 

these compounds against tau remains unknown.

In addition, several of the published molecules with Hsp70 inhibitory activity are known to 

have other mechanisms of action, perhaps as a result of their prevalence in existing chemical 

libraries and their possible pan-assay interference properties. In particular, the 

phenothiazine, methylene blue (MB), which has been identified as a potent Hsp70 inhibitor 

and an autophagy inducer, also possesses other activities due to its redox potential.22,45 In 

fact, one such activity is inhibition of tau aggregation in vitro, an activity that was 

discovered two decades ago.34 MB is thought to inhibit tau aggregation by covalent 

modification of tau via cysteine oxidation.29,30 Because tau has two naturally occurring 

cysteine residues located in the microtubule binding domain, it can form intermolecular 

disulfide bonds with neighboring tau molecules leading to aggregate formation.31–33 MB 

creates disulfide bonds within the same tau molecule disrupting fibrillization.29 Since MB 

has been shown to reduce tau levels in multiple tauopathy models,34–36 which has 

precipitated clinical trials of related derivatives for AD and FTD, it is difficult to know 

which activity, Hsp70 inhibition or aggregation inhibition, is most responsible for its ability 

to facilitate tau clearance.34,37,38 In this regard, several other studies have identified tau 

aggregation inhibitors, but the ability of these compounds to promote tau clearance has not 
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been presented for most of these. For example, the olive oil phenols, aminothienopyridazine 

(ATPZ), rhodanines, and anthraquinones all prevent tau aggregation in vitro, yet it is not 

known if this activity is sufficient to facilitate tau reductions in living cells.39,6,40–42

On the basis of this information, we sought to evaluate if Hsp70 or aggregation inhibition 

was a better predictor of tau lowering in cells. With this in mind, we collected a number of 

known Hsp70 and aggregation inhibitors and assessed their activities against tau. 

Interestingly, neither in vitro activity alone was a strong predictor of tau-lowering in cells. 

Rather, only those molecules possessing potent activity against both Hsp70 ATPase function 

and tau aggregation in vitro facilitated tau clearance independent of toxicity. Here, we 

describe the implications of these findings for tau-based drug discovery efforts, and how this 

information could be used to improve the success rate for translation of leads identified from 

in vitro assays into preclinical and clinical studies.

RESULT AND DISCUSSION

On the basis of our previous reports that methylene blue and the compound YM-01, a 

derivative of MKT-077 from the rhodacyanine scaffold, both inhibited Hsp70 activity and 

lowered tau levels in a cell tauopathy model,8,14 we hypothesized that it was in fact the 

Hsp70 ATPase inhibition that was the best predictor of tau-lowering activity in cells. To 

investigate this, we examined the tau-lowering capability of several other published Hsp70 

inhibitors, listed in Table 1. Compounds for each scaffold were assessed for tau-lowering 

efficacy. Human embryonic kidney (HEK293T) cells, transiently overexpressing WT4R0N 

tau were treated with increasing concentrations of each compound for 24 h. Interestingly, 

vast differences in tau-lowering activity were found among the molecules. Compounds from 

the piperidine-3-carboxamide and the adenosine analog scaffolds surprisingly increased tau 

levels. In contrast, the rhodacyanine and phenothiazine compounds still potently reduced tau 

levels at all concentrations. However, the dihydropyrimidine, phenoxy-N-arylacetamide, 

sulfonamide, and flavonol scaffolds only lowered tau levels at the highest concentration 

tested, 30 µM (Figure 1A,B). Similar trends were observed for these compounds in a stably 

transfected HEK P301L tau cell line (Supporting Information Figure 1). These data indicate 

that allosteric Hsp70 inhibitors might be more likely to possess tau-lowering activity than 

those that directly target the ATP binding site. Perhaps more importantly, because all of 

these compounds target the same mechanism of action, we concluded that Hsp70 inhibition 

alone was insufficient to predict tau lowering activity by greater than ~60%.

Because methylene blue also inhibits in vitro tau aggregation, we then speculated that tau 

lowering efficacy could be better predicted by in vitro anti-tau aggregation activity. To test 

this, we evaluated the tau lowering activity of several commercially available tau 

aggregation inhibitor scaffolds including carbocyanine, aminothienopyridazine (ATPZ), 

polyphenols, anthraquinone, and rhodanine (Table 2). Surprisingly, only two of these 

compounds lowered tau levels in our HEK293T tauopathy cell model: carbocyanine and 

anthraquinone (Figure 2A,B). However, the activity of carbocyanine coincided with very 

high cytotoxicity as suggested by the reduced actin levels. Thus, only the anthraquinone at 

30 µM effectively lowered tau levels, possibly suggesting another unknown mechanism for 
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this particular molecule. In this way, tau aggregation inhibition alone is an even worse 

predictor of tau lowering activity than Hsp70 inhibition.

Since neither of these mechanisms alone was sufficient to predict tau-lowering activity, we 

speculated that perhaps compounds with dual activities might be more likely to facilitate tau 

clearance in cells. This was largely based on the known pleiotropy of methylene blue. 

Therefore, we investigated whether those Hsp70 inhibitors capable of lowering tau might 

also have activity against its aggregation in vitro. To test this, 10 µM 4R0N human 

recombinant tau was incubated with each compound at increasing concentrations for 1 h at 

37 °C. After 1 h of incubation, 10 µM heparin was added to the tau compound mixture and 

incubated for a further 24 h at 37 °C prior to reading the fluorescent intensity of each 

mixture. Increases in fluorescence intensity indicate enhanced amyloid formation. 

Interestingly, we found that compounds from the rhodacyanine and phenothiazine scaffolds 

had high anti-tau aggregation potency with IC50’s of 0.813 µM and 1.35 µM, respectively. 

Less potent tau-lowering scaffolds such as dihydropyrimidine, phenoxy-N-arylacetamide, 

and flavonols had higher IC50’s (22.7, 6.93, and 9.74 µM, respectively). In contrast, the 

compounds that increased tau levels in our cell model, piperidine-3-carboxamide and an 

adenosine analog, also increased tau aggregation levels in vitro (Figure 3A). To confirm in 
vitro anti-tau aggregation activity of the tau-lowering compounds, nondenaturing gel 

electrophoresis was performed. The most potent tau-lowering scaffold compounds, 

rhodacyanine and phenothiazine, also most potently reduced high molecular weight tau 

compared to other compounds and the tau alone control; however all compounds with anti-

tau activity also reduced high molecular weight tau aggregation (Figure 3B,C). Since MB is 

known to alter cysteine oxidation in tau, a mechanism that can contribute to its 

antiaggregation activity,29 we suspected that the rhodacyanines may be acting through a 

similar mechanism. However, when we tested for the production of hydrogen peroxide 

following incubation of recombinant tau with 30 µM rhodacyanine, no significant 

differences were observed (Supporting Information Figure 2). Thus, those compounds 

capable of inhibiting both Hsp70 activity and tau aggregation in vitro predicted tau lowering 

activity by ~80%.

One interesting outcome from these analyses was the discovery that the antiaggregant 

compound ATPZ did not lead to tau lowering, despite it having the same exact 

antiaggregation mechanism as MB: alteration of cysteine oxidation.29 We speculated that the 

lack of tau-lowering activity may be due to ATPZ’s inability to inhibit Hsp70 ATPase 

activity. Therefore, we examined the Hsp70 inhibitory activity of not only ATPZ but of each 

aggregation inhibitor. Recombinant human Hsp70 and DnaJA2 were incubated with 

increasing concentrations of each compound for 30 min, followed by the addition of ATP 

and subsequent 3 h incubation. We measured absorbance by malachite green assay as 

previously described.21 None of the aggregation inhibitor scaffolds that failed to lower tau 

inhibited Hsp70 ATPase activity, with the exception of the rhodanine scaffold (Figure 4), a 

known PAINS molecule that can be effective in any assay due to Michael reactions.43,44

One final variable that we needed to consider for these results was the role of cytotoxicity in 

perceived tau reductions. We previously found that compounds with high cytotoxicity 

caused tau lowering, perhaps due to microtubule breakdown.12,45,46 We speculated this to be 
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the case for the carbocyanine and possibly some of the other outliers in these studies. 

Therefore, we tested the cytotoxicity of all compounds at increasing concentrations using a 

lactate dehydrogenase (LDH) assay. The data revealed that both the sulfonamide compound 

and the carbocyanine had high toxicity relative to the other compounds, explaining why they 

were leading to perceived tau reductions (Figure 5). Thus, compounds with activity against 

both Hsp70 activity and tau aggregation in vitro can predict tau-lowering activity at greater 

than 90% when both cytotoxicity and PAINS classification are accounted for.

Overall, neither Hsp70 inhibition nor anti-tau aggregation activity alone is sufficient to 

predict tau lowering in an in vitro model by more than 50%, although Hsp70 inhibition 

appears to be a better predictor than aggregation inhibition. But compounds that possess 

both activities, exemplified by the phenothiazines and rhodacyanines, are highly likely to 

promote tau clearance in cells and neurons (Supporting Information Figure 3). Importantly, 

the higher the potency of Hsp70 inhibitors against tau aggregation, the more potent the tau 

lowering, suggesting a synergy of these two mechanisms. Perhaps compounds with both 

activities can keep tau in a unique conformation that better facilitates its clearance. While 

there are certainly other mechanisms of tau clearance and molecules with distinct activities 

that could lead to tau degradation, these findings suggest that a drug screening campaign 

based first on Hsp70 inhibition with follow up assays examining tau aggregation, 

cytotoxicity, and pan-assay interference will likely yield a high number of low false-positive 

leads with regard to cellular activity against tau.47 This concept of polypharmacy has been 

gaining ground over the past few years. While target specificity is still a major goal of 

modern drug discovery, it is clear that compounds with multiple targets can have a clinical 

benefit despite their pleiotropy.48–50 In particular, compounds that target multiple relevant 

mechanisms for single diseases may be more effective than compounds with single 

mechanisms of action.48,49

METHODS

Cell Culture

HEK293T cells were maintained in DMEM plus 10% FBS (Life Technologies), 1% 

penicilin streptomycin (Invitrogen), and 1% Glutamax (complete media; Thermo Scientific). 

Transfections were performed following the Invitrogen Plasmid DNA Transfection protocol 

using Opti-MEM. All cells were treated as indicated and were harvested as previously 

described.9 Cells were washed twice in ice-cold PBS, then scraped in cold mammalian 

protein extraction reagent (M-PER; Fisher Scientific) containing PMSF, protease and 

phosphatase inhibitors. Samples were incubated on ice, vortexed, then centrifuged at 10 000 

rpm for 5 min at 4 °C to clear debris. Assays were run in triplicate, and statistical 

significance was assessed by t test.

Aggregation Kinetics (Thioflavin T) Assay and immunoblot

Samples consisting of 10 µM purified human recombinant Tau P301L, 2 mM diothiothreitol, 

the indicated drug concentration, 10 µM heparin, and 10 µM thioflavin T in 100 mM sodium 

acetate buffer at a pH of 7.4 were prepared. A total of 200 µL of indicated sample was added 

to a black, sealed, clear-bottom 96 well plate (Corning costar 3603). Plates were incubated at 
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37 °C, and fluorescence (440 emission, 490 excitation) was observed over a 24 h time 

course, with periodic readings using a BioTek Synergy H1 microplate reader. Following ThT 

analyses, recombinant fibrils were analyzed by Native-PAGE (nondenaturing conditions), 

followed by immunoblotting for tau. Specifically, samples incubated with 30 µM of each 

compound were analyzed in this way.

Hydrogen Peroxide Assay

Hydrogen peroxide production was measured as previously described.29 Briefly, 

recombinant human P301L tau (10 µM) was incubated with 30 µM rhodacyanine or 

equivalent vehicle (DMSO). Hydrogen peroxide production was measured using the 

PeroXQuant assay (Pierce 23280) according to manufacturer instructions.

Hsp70 ATPase Assay

Recombinant human Hsp70 and DnaJA2 were used in a malachite green assay. A master 

mix of Hsp70:DnaJA2 at 1 µM was prepared in assay buffer (0.017% Triton X-100, 100 mM 

Tris–HCl, 20 mM KCl, and 6 mM MgCl2, pH 7.4). An aliquot (14 µL) of this mixture was 

added into each well of a 96-well plate. To this solution, 1 µL of either compound (3, 10, 30, 

100, or 200 µM) or DMSO was added, and the plate was incubated for 30 min at 37 °C 

before adding 10 µL of 2.5 mM ATP to start the reaction. Thus, the final reaction volume 

was 25 µL, and the conditions were 1 µM Hsp70, 1 µM DnaJA2, 4% DMSO, 0.01% Triton 

X-100, and 1 mM ATP. After 3 h of incubation at 37 °C, 80 µL of malachite green reagent 

was added into each well. Immediately after this step, 10 µL 34% sodium citrate was used to 

stop the nonenzymatic hydrolysis of ATP. The samples were mixed thoroughly and 

incubated at 37 °C for 15 min before measuring OD620 on a BioTek Synergy H1 microplate 

reader as previously described.21

Lactate Dehydrogenase (LDH) Assay

LDH cytotoxicity was measured using the Pierce LDH Cytotoxicity Assay Kit. Values are 

presented as the percent of LDH release compared to DMSO (Vehicle) treated cells.

Western Blotting

After normalization of protein concentration by bicinchoninic acid (BCA; ThermoFisher), 

samples were run on 10% SDS-PAGE gels (for nondenaturing gel electrophoresis, samples 

were run without β-mercaptoethanol on a 4–15% gradient PAGE gel) and transferred to 

PVDF membranes (Immobilon, EMD Millipore). Membranes were blocked for 1 h in 7% 

nonfat dry milk in TBS-T before being probed with antibodies directed against total tau 

(H150; 1:1000; Santa Cruz Biotechnology), tau phosphorylated at S396/404 (PHF1; 1:500; 

provided by P. Davies), β-actin (1:1000; Sigma-Aldrich), or GAPDH (1:1000; Biodesign). 

Primary antibodies were detected by species appropriate secondary antibodies (Southern 

Biotech), and chemiluminescence was detected by ECL (Thermo-Fisher). Scion Image 

software was used to calculate densitometry of all Western blots. All values are shown as 

percent vehicle following actin normalization ± standard error of the mean.

Martin et al. Page 6

ACS Chem Biol. Author manuscript; available in PMC 2017 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funding for this work was provided by the National Institutes of Health (AG044956; NS073899 CAD) and 
Veteran’s Health Administration (BX001637 CAD). This material is the result of work supported with resources 
and the use of facilities at the James A. Haley Veterans’ Hospital. The contents of this publication do not represent 
the views of the Department of Veterans Affairs or the United States Government

REFERENCES

1. Hardy J, Orr H. The genetics of neurodegenerative diseases. J. Neurochem. 2006; 97:1690–1699. 
[PubMed: 16805777] 

2. McKee AC, Cantu RC, Nowinski CJ, Hedley-Whyte ET, Gavett BE, Budson AE, Santini VE, Lee 
HS, Kubilus CA, Stern RA. Chronic traumatic encephalopathy in athletes: progressive tauopathy 
after repetitive head injury. J. Neuropathol. Exp. Neurol. 2009; 68:709–735. [PubMed: 19535999] 

3. Gerson JE, Castillo-Carranza DL, Kayed R. Advances in Therapeutics for Neurodegenerative 
Tauopathies: Moving toward the Specific Targeting of the Most Toxic Tau Species. ACS Chem. 
Neurosci. 2014; 5:752–769. [PubMed: 25075869] 

4. Noble W, Planel E, Zehr C, Olm V, Meyerson J, Suleman F, Gaynor K, Wang L, LaFrancois J, 
Feinstein B, Burns M, Krishnamurthy P, Wen Y, Bhat R, Lewis J, Dickson D, Duff K. Inhibition of 
glycogen synthase kinase-3 by lithium correlates with reduced tauopathy and degeneration in vivo. 
Proc. Natl. Acad. Sci. U. S. A. 2005; 102:6990–6995. [PubMed: 15867159] 

5. Piette F, Belmin J, Vincent H, Schmidt N, Pariel S, Verny M, Marquis C, Mely J, Hugonot-Diener L, 
Kinet JP, Dubreuil P, Moussy A, Hermine O. Masitinib as an adjunct therapy for mild-to-moderate 
Alzheimer’s disease: a randomised, placebo-controlled phase 2 trial. Alzheimer's Res. Ther. 2011; 
3:16. [PubMed: 21504563] 

6. Pickhardt M, Gazova Z, von Bergen M, Khlistunova I, Wang Y, Hascher A, Mandelkow EM, 
Biernat J, Mandelkow E. Anthraquinones inhibit tau aggregation and dissolve Alzheimer’s paired 
helical filaments in vitro and in cells. J. Biol. Chem. 2005; 280:3628–3635. [PubMed: 15525637] 

7. Brunden KR, Trojanowski JQ, Lee VM. Advances in tau-focused drug discovery for Alzheimer’s 
disease and related tauopathies. Nat. Rev. Drug Discovery. 2009; 8:783–793. [PubMed: 19794442] 

8. Abisambra J, Jinwal UK, Miyata Y, Rogers J, Blair L, Li X, Seguin SP, Wang L, Jin Y, Bacon J, 
Brady S, Cockman M, Guidi C, Zhang J, Koren J, Young ZT, Atkins CA, Zhang B, Lawson LY, 
Weeber EJ, Brodsky JL, Gestwicki JE, Dickey CA. Allosteric heat shock protein 70 inhibitors 
rapidly rescue synaptic plasticity deficits by reducing aberrant tau. Biol. Psychiatry. 2013; 74:367–
374. [PubMed: 23607970] 

9. Jinwal UK, Miyata Y, Koren J 3rd, Jones JR, Trotter JH, Chang L, O’Leary J, Morgan D, Lee DC, 
Shults CL, Rousaki A, Weeber EJ, Zuiderweg ER, Gestwicki JE, Dickey CA. Chemical 
manipulation of hsp70 ATPase activity regulates tau stability. J. Neurosci. 2009; 29:12079–12088. 
[PubMed: 19793966] 

10. Jinwal UK, Koren J, O’Leary JC, Jones JR, Abisambra JF, Dickey CA. Hsp70 ATPase Modulators 
as Therapeutics for Alzheimer’s and other Neurodegenerative Diseases. Mol. Cell Pharmacol. 
2010; 2:43–46. [PubMed: 20523917] 

11. Martin MD, Calcul L, Smith C, Jinwal UK, Fontaine SN, Darling A, Seeley K, Wojtas L, Narayan 
M, Gestwicki JE, Smith GR, Reitz AB, Baker BJ, Dickey CA. Synthesis, Stereochemical Analysis, 
and Derivatization of Myricanol Provide New Probes That Promote Autophagic Tau Clearance. 
ACS Chem. Biol. 2015; 10:1099. [PubMed: 25588114] 

12. Dickey CA, Eriksen J, Kamal A, Burrows F, Kasibhatla S, Eckman CB, Hutton M, Petrucelli L. 
Development of a high throughput drug screening assay for the detection of changes in tau levels – 
proof of concept with HSP90 inhibitors. Curr. Alzheimer Res. 2005; 2:231–238. [PubMed: 
15974923] 

Martin et al. Page 7

ACS Chem Biol. Author manuscript; available in PMC 2017 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13. Jones JR, Lebar MD, Jinwal UK, Abisambra JF, Koren J 3rd, Blair L, O’Leary JC, Davey Z, 
Trotter J, Johnson AG, Weeber E, Eckman CB, Baker BJ, Dickey CA. The diarylheptanoid (+)-aR,
11S-myricanol and two flavones from bayberry (Myrica cerifera) destabilize the microtubule-
associated protein tau. J. Nat. Prod. 2011; 74:38–44. [PubMed: 21141876] 

14. Fontaine SN, Martin MD, Akoury E, Assimon VA, Borysov S, Nordhues BA, Sabbagh JJ, 
Cockman M, Gestwicki JE, Zweckstetter M, Dickey CA. The active Hsc70/tau complex can be 
exploited to enhance tau turnover without damaging microtubule dynamics. Hum. Mol. Genet. 
2015; 24:3971–3981. [PubMed: 25882706] 

15. Thompson AD, Scaglione KM, Prensner J, Gillies AT, Chinnaiyan A, Paulson HL, Jinwal UK, 
Dickey CA, Gestwicki JE. Analysis of the tau-associated proteome reveals that exchange of Hsp70 
for Hsp90 is involved in tau degradation. ACS Chem. Biol. 2012; 7:1677–1686. [PubMed: 
22769591] 

16. Cuervo AM, Stefanis L, Fredenburg R, Lansbury PT, Sulzer D. Impaired degradation of mutant 
alpha-synuclein by chaperone-mediated autophagy. Science. 2004; 305:1292–1295. [PubMed: 
15333840] 

17. Auluck PK, Chan HY, Trojanowski JQ, Lee VM, Bonini NM. Chaperone suppression of alpha-
synuclein toxicity in a Drosophila model for Parkinson’s disease. Science. 2002; 295:865–868. 
[PubMed: 11823645] 

18. Udan-Johns M, Bengoechea R, Bell S, Shao J, Diamond MI, True HL, Weihl CC, Baloh RH. 
Prion-like nuclear aggregation of TDP-43 during heat shock is regulated by HSP40/70 chaperones. 
Hum. Mol. Genet. 2014; 23:157–170. [PubMed: 23962724] 

19. Williamson DS, Borgognoni J, Clay A, Daniels Z, Dokurno P, Drysdale MJ, Foloppe N, Francis 
GL, Graham CJ, Howes R, Macias AT, Murray JB, Parsons R, Shaw T, Surgenor AE, Terry L, 
Wang Y, Wood M, Massey AJ. Novel adenosine-derived inhibitors of 70 kDa heat shock protein, 
discovered through structure-based design. J. Med. Chem. 2009; 52:1510–1513. [PubMed: 
19256508] 

20. Massey AJ, Williamson DS, Browne H, Murray JB, Dokurno P, Shaw T, Macias AT, Daniels Z, 
Geoffroy S, Dopson M, Lavan P, Matassova N, Francis GL, Graham CJ, Parsons R, Wang Y, 
Padfield A, Comer M, Drysdale MJ, Wood M. A novel, small molecule inhibitor of Hsc70/Hsp70 
potentiates Hsp90 inhibitor induced apoptosis in HCT116 colon carcinoma cells. Cancer 
Chemother. Pharmacol. 2010; 66:535–545. [PubMed: 20012863] 

21. Chang L, Bertelsen EB, Wisen S, Larsen EM, Zuiderweg ER, Gestwicki JE. High-throughput 
screen for small molecules that modulate the ATPase activity of the molecular chaperone DnaK. 
Anal. Biochem. 2008; 372:167–176. [PubMed: 17904512] 

22. Miyata Y, Rauch JN, Jinwal UK, Thompson AD, Srinivasan S, Dickey CA, Gestwicki JE. Cysteine 
reactivity distinguishes redox sensing by the heat-inducible and constitutive forms of heat shock 
protein 70. Chem. Biol. 2012; 19:1391–1399. [PubMed: 23177194] 

23. Li X, Srinivasan SR, Connarn J, Ahmad A, Young ZT, Kabza AM, Zuiderweg ER, Sun D, 
Gestwicki JE. Analogs of the Allosteric Heat Shock Protein 70 (Hsp70) Inhibitor, MKT-077, as 
Anti-Cancer Agents. ACS Med. Chem. Lett. 2013; 4:1042.

24. Kang Y, Taldone T, Patel HJ, Patel PD, Rodina A, Gozman A, Maharaj R, Clement CC, Patel MR, 
Brodsky JL, Young JC, Chiosis G. Heat shock protein 70 inhibitors. 1. 2,5′-thiodipyrimidine and 
5-(phenylthio)pyrimidine acrylamides as irreversible binders to an allosteric site on heat shock 
protein 70. J. Med. Chem. 2014; 57:1188–1207. [PubMed: 24548207] 

25. Taldone T, Kang Y, Patel HJ, Patel MR, Patel PD, Rodina A, Patel Y, Gozman A, Maharaj R, 
Clement CC, Lu A, Young JC, Chiosis G. Heat shock protein 70 inhibitors. 2. 2,5′-
thiodipyrimidines, 5-(phenylthio)pyrimidines, 2-(pyridin-3-ylthio)pyrimidines, and 3-
(phenylthio)pyridines as reversible binders to an allosteric site on heat shock protein 70. J. Med. 
Chem. 2014; 57:1208–1224. [PubMed: 24548239] 

26. Cassel JA, Ilyin S, McDonnell ME, Reitz AB. Novel inhibitors of heat shock protein Hsp70-
mediated luciferase refolding that bind to Dna. J. Bioorg. Med. Chem. 2012; 20:3609–3614.

27. Leu JI, Pimkina J, Frank A, Murphy ME, George DL. A small molecule inhibitor of inducible heat 
shock protein 70. Mol. Cell. 2009; 36:15–27. [PubMed: 19818706] 

Martin et al. Page 8

ACS Chem Biol. Author manuscript; available in PMC 2017 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



28. Schlecht R, Scholz SR, Dahmen H, Wegener A, Sirrenberg C, Musil D, Bomke J, Eggenweiler 
HM, Mayer MP, Bukau B. Functional analysis of Hsp70 inhibitors. PLoS One. 2013; 8:e78443. 
[PubMed: 24265689] 

29. Crowe A, James MJ, Lee VM, Smith AB 3rd, Trojanowski JQ, Ballatore C, Brunden KR. 
Aminothienopyridazines and methylene blue affect Tau fibrillization via cysteine oxidation. J. 
Biol. Chem. 2013; 288:11024–11037. [PubMed: 23443659] 

30. Akoury E, Pickhardt M, Gajda M, Biernat J, Mandelkow E, Zweckstetter M. Mechanistic basis of 
phenothiazine-driven inhibition of Tau aggregation. Angew. Chem., Int. Ed. 2013; 52:3511–3515.

31. Kuret J, Chirita CN, Congdon EE, Kannanayakal T, Li G, Necula M, Yin H, Zhong Q. Pathways of 
tau fibrillization. Biochim. Biophys. Acta, Mol. Basis Dis. 2005; 1739:167–178.

32. Walker S, Ullman O, Stultz CM. Using intramolecular disulfide bonds in tau protein to deduce 
structural features of aggregation-resistant conformations. J. Biol. Chem. 2012; 287:9591–9600. 
[PubMed: 22291015] 

33. Di Noto L, DeTure MA, Purich DL. Disulfidecross-linked tau and MAP2 homodimers readily 
promote microtubule assembly. Mol. Cell Biol. Res. Commun. 1999; 2:71–76. [PubMed: 
10527895] 

34. Wischik CM, Edwards PC, Lai RY, Roth M, Harrington CR. Selective inhibition of Alzheimer 
disease-like tau aggregation by phenothiazines. Proc. Natl. Acad. Sci. U. S. A. 1996; 93:11213–
11218. [PubMed: 8855335] 

35. Hosokawa M, Arai T, Masuda-Suzukake M, Nonaka T, Yamashita M, Akiyama H, Hasegawa M. 
Methylene blue reduced abnormal tau accumulation in P301L tau transgenic mice. PLoS One. 
2012; 7:e52389. [PubMed: 23285020] 

36. Hochgrafe K, Sydow A, Matenia D, Cadinu D, Konen S, Petrova O, Pickhardt M, Goll P, Morellini 
F, Mandelkow E, Mandelkow EM. Preventive methylene blue treatment preserves cognition in 
mice expressing full-length pro-aggregant human Tau. Acta Neuropathol Commun. 2015; 3:25. 
[PubMed: 25958115] 

37. Wischik C, Staff R. Challenges in the conduct of disease-modifying trials in AD: practical 
experience from a phase 2 trial of Tau-aggregation inhibitor therapy. J. Nutr., Health Aging. 2009; 
13:367–369. [PubMed: 19300883] 

38. Wischik CM, Harrington CR, Storey JM. Tau-aggregation inhibitor therapy for Alzheimer’s 
disease. Biochem. Pharmacol. 2013; 88:529. [PubMed: 24361915] 

39. Bulic B, Pickhardt M, Mandelkow EM, Mandelkow E. Tau protein and tau aggregation inhibitors. 
Neuropharmacology. 2010; 59:276–289. [PubMed: 20149808] 

40. Bulic B, Pickhardt M, Khlistunova I, Biernat J, Mandelkow EM, Mandelkow E, Waldmann H. 
Rhodanine-based tau aggregation inhibitors in cell models of tauopathy. Angew. Chem., Int. Ed. 
2007; 46:9215–9219.

41. Ballatore C, Brunden KR, Piscitelli F, James MJ, Crowe A, Yao Y, Hyde E, Trojanowski JQ, Lee 
VM, Smith AB 3rd. Discovery of brain-penetrant, orally bioavailable aminothienopyridazine 
inhibitors of tau aggregation. J. Med. Chem. 2010; 53:3739–3747. [PubMed: 20392114] 

42. Daccache A, Lion C, Sibille N, Gerard M, Slomianny C, Lippens G, Cotelle P. Oleuropein and 
derivatives from olives as Tau aggregation inhibitors. Neurochem. Int. 2011; 58:700–707. 
[PubMed: 21333710] 

43. Pouliot M, Jeanmart S. Pan Assay Interference Compounds (PAINS) and Other Promiscuous 
Compounds in Antifungal Research. J. Med. Chem. 2016; 59:497–503. [PubMed: 26313340] 

44. Baell JB, Holloway GA. New substructure filters for removal of pan assay interference compounds 
(PAINS) from screening libraries and for their exclusion in bioassays. J. Med. Chem. 2010; 
53:2719–2740. [PubMed: 20131845] 

45. Dickey CA, Ash P, Klosak N, Lee WC, Petrucelli L, Hutton M, Eckman CB. Pharmacologic 
reductions of total tau levels; implications for the role of microtubule dynamics in regulating tau 
expression. Mol. Neurodegener. 2006; 1:6. [PubMed: 16930453] 

46. Dickey CA, Kamal A, Lundgren K, Klosak N, Bailey RM, Dunmore J, Ash P, Shoraka S, Zlatkovic 
J, Eckman CB, Patterson C, Dickson DW, Nahman NS Jr, Hutton M, Burrows F, Petrucelli L. The 
high-affinity HSP90-CHIP complex recognizes and selectively degrades phosphorylated tau client 
proteins. J. Clin. Invest. 2007; 117:648–658. [PubMed: 17304350] 

Martin et al. Page 9

ACS Chem Biol. Author manuscript; available in PMC 2017 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



47. Repalli J, Meruelo D. Screening strategies to identify HSP70 modulators to treat Alzheimer’s 
disease. Drug Des., Dev. Ther. 2015; 9:321–331.

48. Rodriguez-Franco MI, Fernandez-Bachiller MI, Perez C, Hernandez-Ledesma B, Bartolome B. 
Novel tacrinemelatonin hybrids as dual-acting drugs for Alzheimer disease, with improved 
acetylcholinesterase inhibitory and antioxidant properties. J. Med. Chem. 2006; 49:459–462. 
[PubMed: 16420031] 

49. Tang C, Li C, Zhang S, Hu Z, Wu J, Dong C, Huang J, Zhou HB. Novel Bioactive Hybrid 
Compound Dual Targeting Estrogen Receptor and Histone Deacetylase for the Treatment of Breast 
Cancer. J. Med. Chem. 2015; 58:4550–4572. [PubMed: 25993269] 

50. Lounkine E, Keiser MJ, Whitebread S, Mikhailov D, Hamon J, Jenkins JL, Lavan P, Weber E, 
Doak AK, Cote S, Shoichet BK, Urban L. Large-scale prediction and testing of drug activity on 
side-effect targets. Nature. 2012; 486:361–367. [PubMed: 22722194] 

Martin et al. Page 10

ACS Chem Biol. Author manuscript; available in PMC 2017 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Diverse Hsp70 inhibitor scaffolds having differing effects on tau levels. (A) Representative 

Western blot analysis of HEK293T cells transiently transfected WT4R0N tau and treated 

with each Hsp70 inhibitor at indicated concentrations for 24 h. (B) Quantification of tau 

levels in panel A as a percentage of vehicle treated ± standard error of the mean (SEM), n = 

3. By linear regression analyses, *** indicates p < 0.001, and ** indicates p < 0.01.
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Figure 2. 
Diverse tau aggregation inhibitor scaffolds having differing effects on tau levels. (A) 

Representative Western blot analysis of HEK293T cells transiently transfected WT4R0N tau 

and treated with each tau aggregation inhibitor at indicated concentrations for 24 h. (B) 

Quantification of tau levels in panel A as a percentage of vehicle treated ± standard error of 

the mean (SEM), n = 3. By linear regression analyses, *** indicates p < 0.001, ** indicates 

p < 0.01, and * indicates p < 0.05.
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Figure 3. 
Diverse Hsp70 inhibitor scaffolds having differing effects on tau aggregation in vitro. (A) 

anti-Hsp70 compounds; quantification of in vitro ThT assay using recombinant P301L tau 

incubated with the drug at increasing concentrations for 1 h prior to addition of 20 µM 

heparin which was then incubated for 24 h. Data are average ± standard error of the mean 

(SEM), n = 3. (B) Nondenaturing gel electrophoresis of antiaggregation ThT samples from 

A. (C) Quantification of tau aggregate levels from B. Data are average ± standard error of 

the mean (SEM), n = 3.
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Figure 4. 
Tau aggregation inhibitor scaffolds not inhibiting Hsp70 ATPase activity. Hsp70 

quantification of ATPase activity using recombinant human Hsp70 and DnaJA2 protein. 

Activities are a percentage of vehicle treated ± standard error of the mean (SEM), n = 3.

Martin et al. Page 14

ACS Chem Biol. Author manuscript; available in PMC 2017 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Determination of LDH cytotoxicity of Hsp70 and Tau aggregation inhibitors in HEK293T 

cells. HEK293T cells (10 000 cells per well) were plated in a 96-well plate and incubated 

overnight at 37 °C. After 24 h, increasing concentrations of inhibitors were added to the 

culture media and incubated for 24 h at 37 °C. LDH cytotoxicity was measured using the 

Pierce LDH Cytotoxicity Assay Kit. Values are relative to DMSO control.
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