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ABSTRACT 

 

Development of Chemical Modulators for Heat Shock Protein 70 (Hsp70): a 

Potential Therapeutic Target for Tauopathies 

 

by 

 

Yoshinari Miyata 

 

 

Chair: Jason E. Gestwicki 

 

 

Tauopathies are a class of neurodegenerative disorders, which affect millions of 

people worldwide. These diseases are characterized by the accumulation of 

protein aggregates composed of abnormally modified variants of the microtubule-

binding protein tau. Despite extensive efforts, there is currently no cure for these 

devastating diseases.  

 

The goal of this study is to understand whether heat shock protein 70 (Hsp70) 

may be an under-explored target for tauopathies. Hsp70 is a molecular 

chaperone that plays important roles in protein quality control, including the 

turnover of misfolded polypeptides. However, the molecular mechanisms of tau 

quality control were not known and it wasn’t clear how pharmacological inhibition 
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of Hsp70 might impact tau accumulation. In this thesis, we review the literature 

linking Hsp70 to tau and hypothesize that inhibiting the ATPase activity of Hsp70 

might lead to the degradation of aberrant tau by favoring the triage pathway 

(Chapter 1). To test this hypothesis, we developed a new high-throughput screen 

platform and identified promising inhibitors, including methylene blue (MB) 

(Chapter 2). MB inhibited the ATPase activity of Hsp70 and, consistent with the 

major hypothesis, caused a dramatic, Hsp70-dependent reduction in the 

accumulation of tau in cellular and animal models of tauopathy. In mechanistic 

studies, we found that MB inhibits Hsp70 by selectively oxidizing two key 

cysteine residues in the chaperone (Chapter 3). To further explore this process, 

we developed a parallel chemical series of Hsp70 inhibitors based on the known 

anti-cancer agent, MKT-077. We found that these compounds inhibit the ATPase 

activity of Hsp70 and, like MB, they dramatically reduce tau levels (Chapter 4). 

However, the MKT-077 analogs acted by a distinct mechanism: binding to the 

ADP-bound form of Hsp70 and allosterically blocking nucleotide cycling. 

Together, these studies suggest that Hsp70 normally protects tau from 

degradation, while inhibitors lead to its rapid degradation. 

 

In summary, we have used a chemical biology approach to show that Hsp70 

plays a critical role in tau stability and inhibitors reduce tau levels. Thus, this work 

suggests a potential path towards new treatments for tauopathies. In addition, 

these findings provide molecular insights into how Hsp70 mediates protein 

quality control. 
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Chapter 1 

 

Introduction: Heat Shock Protein 70 as a Potential Therapeutic Target for 

Tauopathies 

 

 

1.1 Abstract 

Tau is a microtubule-associated protein that accumulates in at least fifteen 

different neurodegenerative disorders, which are collectively referred to as 

tauopathies. In these diseases, tau is often hyperphosphorylated and found in 

aggregates, including paired helical filaments (PHFs), neurofibrillary tangles 

(NFTs) and other abnormal oligomers. Tau aggregates are associated with 

neuron loss and cognitive decline, which suggests that this protein can somehow 

evade normal quality control, allowing it to aberrantly accumulate and become 

proteotoxic. Consistent with this idea, recent studies have shown that molecular 

chaperones, such as Hsp70 and Hsp90, counteract tau accumulation and 

neurodegeneration in disease models. These molecular chaperones are major 

components of the protein quality control systems and they are specifically 

involved in the decision to retain or degrade many proteins, including tau and its 

modified variants. Thus, one potential way to treat tauopathies might be to either 
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accelerate interactions of abnormal tau with these quality control factors or tip the 

balance of triage towards tau degradation. In this chapter, we summarize recent 

findings and suggest models for therapeutic intervention. 

 

1.2 Introduction to Tau and Tauopathies.   

Tauopathies are a family of neurodegenerative disorders characterized by the 

appearance of aggregates of the microtubule associating protein tau (MAPT/tau). 

These diseases include Alzheimer’s disease (AD), the most common 

neurodegenerative disorder, as well as devastating diseases such as 

frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) 

and progressive supranuclear palsy (PSP) [1-5]. In these diseases, tau is found 

in aggregates termed paired-helical filaments (PHFs) [6, 7], which assemble into 

the neurofibrillary tangles (NFTs) that were originally described as “senile” 

plaques in the neurons of AD patients [8].  

 

Numerous observations have converged on a model in which tau aggregation is 

important for the clinical symptoms of AD and other tauopathies. For example, 

tau pathology closely correlates to neuron loss and cognitive deficits [9, 10]. 

Further, the post-translationally modified forms of tau (e.g. hyperphosphorylated 

and/or proteolyzed) that are enriched in PHFs and NFTs are also more prone to 

self-assemble in vitro [11]. Finally, FTDP-17 is directly linked to point mutations, 

such as P301L, that make tau more aggregation-prone. Together, these 

observations have led to the hypothesis that aggregation and abnormal 
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accumulation of tau aggregates are significant contributing factors in tauopathies.  

 

Tau is a cytosolic protein that is abundantly expressed in neurons and found in at 

least thirteen splice isoforms in the brain [12, 13]. Its major cellular function is to 

stabilize microtubules and this activity has been found to be essential for axonal 

transport [14]. Interestingly, tau belongs to a class of intrinsically disorders 

proteins (IDPs) whose free structures are believed to be best represented by an 

ensemble of possible orientations with weak preference for any specific structural 

motif [15-18]. However, tau is likely to adopt local structure when bound to 

microtubules. This interaction occurs through the microtubule-binding repeats of 

tau, with the 3R and 4R splice isoforms having either three or four repeats, 

respectively. Consistent with the importance of this domain, mutations in the 

microtubule-binding repeats have been found to weaken tau binding, reducing 

microtubule stability and sometimes leading to neuron loss [19, 20].  

 

Phosphorylation of tau by the kinases, GSK3, Cdk5 and MARK2, is a major 

regulator of its microtubule interactions [21-24]. GSK3 is a proline-directed, 

serine/threonine kinase involved in many signaling pathways, including signaling 

downstream of wnt, insulin and many G-protein coupled receptors [25]. Cdk5 is 

another serine/threonine kinase involved in multiple pathways, including NMDA 

receptor and growth factor signaling. Cdk5 exists in two complexes in post mitotic 

neurons, a pro-survival complex with p35 (Cdk5-p35) and an apoptotic complex 

with p25 (Cdk5-p25), the latter of which has stronger kinase activity [22, 26, 27]. 
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Together, GSK3 and Cdk5 are thought to be major kinases of tau in the brain 

[28]. Importantly, MARK2-based phosphorylation of tau is accelerated by the 

priming activity of either Cdk5 or GSK3[29], suggesting that tau 

phosphorylation involves a series of ordered kinase events. In general, 

phosphorylation of tau reduces its affinity for microtubules [30], while de-

phosphorylation via enzymes such as PP2A and PP5, restores binding [30, 31]. 

This reversible cycle of association and dissociation is a normal cellular process 

that facilitates axonal transport [30-33]. However, hyperphosphorylated forms of 

tau are more prone to aggregate, which might decrease their solubility and 

remove them from normal cycling [34]. Further, proteolytic processing of tau, by 

caspases, calpains and other enzymes, can significantly accelerate 

hyperphosphorylation and facilitate aggregation [35]. Thus, tauopathies might be 

considered as involving an imbalance in the normal processing of tau, which 

affects its microtubule binding, aggregation propensity, phosphorylation status 

and, ultimately, its turnover. 

 

1.3 Current Therapies for Tauopathies. 

There are no cures for any tauopathy. Neuroprotective agents, such as 

acetylcholinesterase inhibitors and NMDA (N-methyl-D-aspartate) antagonists, 

have been approved for use in the clinic based on their ability to slow the rate of 

cognitive decline in patients with moderate to severe AD (reviewed in [36]). 

However, long term strategies for tauopathies will likely need to focus on 

impacting the underlying, disease-causing accumulation of modified and 
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aggregated tau (reviewed in [37, 38]). For example, because of the importance of 

phosphorylation, there are a number of kinase inhibitors being explored as 

therapeutics for tauopathies [39]. Whether this strategy will be able to improve 

cognition without adverse effects on other cellular processes remains to be 

determined. Nevertheless, some studies targeting kinases have demonstrated 

promising early efficacy in patients (reviewed in [40]). In addition to kinase 

inhibitors, compounds that directly block the aggregation of tau are also being 

explored as potential therapeutics [41]. These efforts have produced early-stage 

molecules of multiple different chemical classes, including rhodanine-based 

inhibitors, phenylthiazolylhydrazides, N-phenylamines, anthraquinones, 

benzothiazoles, phenothiazines and polyphenols [41]. However, recent studies 

suggest that intermediate, soluble oligomers of tau might best correlate with 

disease, suggesting that any anti-aggregation strategy will have to selectively 

reduce the levels of these structures [42-44]. 

 

Another possible way to treat tauopathies may be to manipulate the quality 

control pathways that regulate tau turnover. This hypothesis is based on the idea 

that tauopathies result, in part, from a failure of neurons to properly recognize 

and remove hyperphosphorylated and/or aggregated tau. All proteins, including 

tau, are subject to extensive regulation by the cellular quality control pathways, 

which carefully control the balance between protein expression and turnover to 

maintain healthy protein homeostasis (or proteostasis). Interestingly, tau 

clearance is known to be impaired in the aging brain [45], supporting the idea 
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that diminished quality control might be conducive to certain tauopathies, such as 

AD, which are linked to aging. Based on this idea, one might imagine that 

pharmacologically accelerating tau degradation as a possible strategy to 

overcome aging-dependent deficits in quality control and relieve tauopathies. 

Recent evidence suggests that tau is essential for the neurotoxicity of amyloid 

beta, providing a possible link between these classic AD targets and further 

suggesting that reductions in tau levels might be important via multiple, beneficial 

mechanisms [46-48]. In this chapter, we will discuss some recent advances in 

this direction and discuss the strengths and challenges of this strategy. However, 

it is likely useful to first introduce the structure, function and “druggability” of 

some of the key components of the quality control pathways: the molecular 

chaperones. 

  

1.4 The Molecular Chaperones Hsp70 and Hsp90  

1.4.1 Molecular Chaperones Regulate Proteostasis 

Molecular chaperones are abundant and highly conserved proteins that assume 

an important role in protein quality control [49, 50]. Several members of the 

chaperone family are upregulated in response to stress and, thus, these factors 

have been termed heat shock proteins (Hsps). The expression of Hsps is 

regulated by heat shock factor 1 (HSF1), which, under stress conditions, 

becomes associated with heat shock elements (HSEs) to elevate the 

transcription of Hsps and other proteins [51]. Each class of Hsp is named 

according to its molecular weight; Hsp27, Hsp70, Hsp90, etc. These proteins are 
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thought to serve individual functions, while collectively they monitor most aspects 

of protein synthesis, folding, trafficking and assembly of multi-protein complexes 

(reviewed in [52]). Importantly, the Hsps are also critical at the end of a protein’s 

life, as they facilitate turnover by the proteasome system and the clearance of 

proteotoxic aggregates by autophagy [53]. Even under normal conditions, as 

much as 30% of newly synthesized polypeptides are degraded [54], suggesting 

that all proteins are in equilibrium between folding and degradation, a balance 

that is maintained, in part, by the Hsp molecular chaperones. 

 

1.4.2 Heat Shock Protein 70 (Hsp70) 

Hsp70 is a major component in protein quality control and, as discussed below, a 

key factor in tau turnover. There are multiple, highly conserved Hsp70s in 

humans and members of this family of chaperones are abundant in all major 

organelles and the cytosol. Each Hsp70 is composed of a nucleotide binding 

domain (NBD) and a substrate binding domain (SBD) (Figure 1.1) [55]. The NBD 

contains two lobes comprising a deep nucleotide-binding cleft that binds ATP. 

The SBD can be further divided into beta-sandwich and alpha-helical lid 

subdomains, the latter of which contains a motif characterized by the amino acids 

EEVD that binds to tetratricopeptide repeat (TPR) domains. The NBD hydrolyzes 

ATP, while the SBD binds to hydrophobic regions of polypeptides via the beta-

sandwich  

subdomain [56]. It is thought that Hsp70 promiscuously binds to many 

hydrophobic polypeptides [57, 58], including regions of tau adjacent to the 
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microtubule-binding repeats [59]. A flexible linker connects the NBD and SBD 

and these domains appear to communicate via allostery. For example, with ATP 

bound to the NBD, the SBD has a weaker binding affinity for substrate 

polypeptides. The intrinsic ATPase activity of Hsp70 is very weak (~ 0.2 

nmol/g/min) [60] and, under physiological conditions, it is regulated by co-

chaperones, including J-proteins and nucleotide exchange factors (NEFs). 

Briefly, J-proteins cause a conformational change in Hsp70s that accelerates ATP 

hydrolysis [61], while NEFs facilitate ADP release [62]. Finally, TPR domain-

containing proteins are co-chaperones that bind to the EEVD motif and help 

dictate the fate of substrates bound to Hsp70. Thus, Hsp70s are part of a multi-

protein complex that utilizes coordinated ATPase activity and multiple co-
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chaperone partners to shape interactions with misfolded substrates.  

 

Hsp70 has been the subject of recent efforts to develop chemical inhibitors [52, 

63] and a number of high throughput screening efforts have been reported [60, 

64-67]. Drug development on this emerging target is still in its early stages, with 

only a few potent and/or selective inhibitors described [68]. In my thesis work, I 

have been involved in many of the most recent efforts to target Hsp70 and those 

studies will be described in Chapters 2, 3 and 4. Briefly, most of the currently 

available chemical probes target the ATPase activity of Hsp70, through either 
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competitive or non-competitive, allosteric mechanisms (Figure 1.2). For 

example, VER-155008 is an ATP-competitive compound developed by structure-

guided design [69, 70]. However, there is an indirect relationship between ATP 

turnover and chaperone functions [71], suggesting that other aspects of Hsp70 

function might also be worth exploring for drug discovery. For example, other 

members of the Gestwicki laboratory have identified compounds that operate at 

protein-protein interfaces to disrupt interactions with co-chaperones, such as 

116-9e [65, 72, 73]. Other inhibitors target the SBD to block binding to 

substrates, such as compound 7 [74, 75]. As might be expected given the diverse 

mechanisms of these compounds, known Hsp70 inhibitors represent a variety of 

chemical classes, including dihydropyrimidines, adenosine analogs, polyamines 

and others (Figure 1.2) [52, 63]. Moreover, many of these inhibitors, including 

methylene blue and MKT-077, have poorly understood mechanisms as will be 

discussed in Chapters 3 and 4.  

 

1.4.3 Heat Shock Protein 90 (Hsp90) 

Hsp90 has three domains, a 25 kDa N-terminal domain (NTD) connected by a 

flexible, charged linker to the 40 kDa middle domain (MD) and a 12 kDa C-

terminal domain (CTD) [76-83]. These three domains contain an ATP binding 

pocket, a substrate peptide-binding site, and a TPR domain-binding EEVD motif, 

respectively. Recent structural studies have suggested that Hsp90 functions as a 

homodimer in which the CTDs of two Hsp90 molecules are in contact at the 

bottom of the "V-shaped" open conformer. As in the case of Hsp70, co-
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chaperones of Hsp90, such as Aha1, cdc37 and TPR-domain containing 

proteins, regulate its ATPase activity and control its conformational transitions 

(reviewed in [84]). Hsp90 is thought to have a more restricted set of substrates 

than Hsp70, but these clients include a number of important kinases and 

signaling proteins. 

 

Because of its client pool, Hsp90 has become an established anti-cancer target, 

with a number of selective and potent inhibitors available [85, 86]. Work on 

Hsp90 inhibitors benefited from the early discovery of the natural product, 

geldanamycin, which competes with ATP and induces destabilization of Hsp90-

bound proteins [87]. Since this discovery, a number of high-affinity analogs, such 

as 17-AAG, and alternative synthetic scaffolds, including radicicol and PU-H71, 

have since been reported (Figure 1.2) [85, 88]. These compounds bind in either 

the N-terminal ATP binding site (e.g. 17-AAG, radicicol, PU-H71) [89] or C-

terminal (e.g. novobiocin, A4) [90, 91] dimerization domain and they show great 

promise as both anti-cancer compounds and research tools for understanding 

Hsp90 biology. Several Hsp90 inhibitors are currently in clinical trials, all of which 

target the N-terminal domain [92]. More recently, there has also been interest in 

developing compounds, such as celastrol (Figure 1.2), that selectively disrupt 

association of co-chaperones with Hsp90 as an alternative way to control 

chaperone activity [93-96].  

 

1.4.4 Heat Shock Protein 27 (Hsp27) 
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Hsp27 is a member of the small heat shock protein family of molecular 

chaperones that contain a highly conserved crystallin domain. These proteins are 

ATP-independent chaperones that undergo homo-oligomerization in response to 

stress [97, 98]. Small heat shock proteins have been imaged by electron 

microscopy and these studies have revealed that some of these oligomers are 

ordered polyhedrons [99]. Further, gel filtration and centrifugation studies have 

suggested that Hsp27 exists as an ensemble of oligomers, which range in size 

from dimers to approximately 32mers or greater. Binding of susceptible 

substrates to the surface of these Hsp27 oligomers is thought to limit stress-

induced aggregation and, thus, this chaperone is considered a “holdase”. To 

allow substrate release, Hsp27 oligomerization is reversible, a process that is 

regulated, at least in part, by phosphorylation. Like Hsp90 and Hsp70, Hsp27 

plays important pro-survival roles; however, no drug-like molecules have been 

reported that target its activities or protein-protein interactions. 

 

1.4.5 The Hsp70-Hsp90 Chaperone Cycle  

During protein quality control, Hsp70, Hsp90 and Hsp27 (and their co-

chaperones) often work in concert. If prolonged misfolding is detected, the 

chaperones shuttle the protein to a degradation endpoint, such as the 

proteasome or autophagy. This general model arises, in large part, from a series 

of seminal experiments on the Hsp70/Hsp90 chaperone system and how it 

regulates the nuclear hormone receptors [100, 101]. In this model, a J-protein 

(also known as an Hsp40) is thought to facilitate high affinity, substrate-binding to 
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Hsp70 by coordinating substrate delivery and ATP turnover (Figure 1.3) [60].  

The action of a NEF then releases the substrate [49], which can either achieve its  

proper folding outcome, re-enter the Hsp70-based ATPase cycle, or be fated for 

subsequent steps in quality control. In these latter cases, an Hsp70-bound 

substrate can be transferred to Hsp90 via HOP (Hsp70/Hsp90 organizing 

protein) [102, 103]. Alternatively, either Hsp70 or Hsp90 can recruit the ubiquitin 

E3 ligase, CHIP, to degrade the bound substrate [104]. During this triage 

process, certain substrates are known to require additional co-chaperones at 

distinct steps. For example, the co-chaperones cdc37, a peptidylprolylisomerase 

(PPIase) family member and p23 are all critical for the transfer of kinases to 

Hsp90 and maturation of the active protein [76, 105]. In addition, Hsp90’s 

hydrolysis of ATP, which is stimulated by Aha1, facilitates polypeptide release [82, 

106] and transfer to CHIP or other E3 ligases [107, 108]. Thus, protein quality 

control is thought to involve a series of “checkpoint” steps that monitor substrate 

folding and enact triage decisions. These steps are defined by ATP/ADP cycling, 

changes in tertiary and quaternary structure, and fluctuation in the identity of 

associated co-chaperones. 

 

Although both Hsp70 and Hsp90 can promote degradation of client proteins, it 

has recently been shown that, functionally, the Hsp70 complex often dominates 

triage decisions [85, 107, 109]. Thus, Hsp70 may function as a primary 

checkpoint prior to entering the Hsp90-based complex for maturation. In this 

model, it may be helpful to picture protein quality control as three phases of (a) J 
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protein-directed recruitment, (b) primary folding and triage in the Hsp70 complex 

and (c) secondary folding and function in the Hsp90 system (Figure 1.3). In 

theory, any of these steps might contain suitable drug targets for tauopathies.  

 

1.5 Tau Regulation by Molecular Chaperones 

1.5.1 Tau Turnover is Controlled by Molecular Chaperones 

Tau cycling on/off microtubules and its proteolytic turnover are assisted by 

molecular chaperones and, thus, these proteins play an important role in its 

normal homeostasis [110, 111]. However, under potentially proteotoxic 

conditions, the post-translational modifications or mutations that damage tau’s 
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affinity for microtubules and favor its aggregation are thought to generate a 

molecular “danger signal” that specifically alerts the quality control system [112, 

113]. As discussed above, this system then “decides” to retain or degrade that 

substrate. In the tauopathy disease scenario, imbalances in this decision for 

abnormal tau appear to allow accumulation, proteotoxicity and neuron loss 

(Figure 1.4). In the next sections, we will review the evidence suggesting an 
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essential “decision making” role for molecular chaperones in tau quality control. 

Also, we will discuss findings that suggest Hsp70 and Hsp90 could be drug 

targets for tauopathies.  

 

1.5.2 Tau and Hsp70  

Hsp70s have been shown to both (a) stabilize binding of tau to microtubules 

[114] and (b) promote its degradation in combination with CHIP [115, 116]. For 

example, recent work has demonstrated that Hsc70, the constitutive cytosolic 

form of Hsp70s, dynamically regulates the association of tau with microtubules 

[112]. These activities arise via direct binding of Hsp70s to the microtubule 

binding repeats of tau [59]. This central role for Hsp70 family members in 

regulating tau cycling and triage suggests possible ways of tipping the balance. 

In fact, recent work from our group, some of which is described in more detail in 

Chapter 3, has shown that inhibition of the ATPase activity of Hsp70/Hsc70 

promotes proteasomal degradation of tau; whereas activation results in tau 

accumulation [117]. Furthermore, one of these inhibitors was able to reduce 

phospho-tau levels and improve cognition in a transgenic mouse model [44]. 

Interestingly, these effects were observed without apparent toxicity, induction of 

HSF1 activity or adverse health effects on the animals, providing preliminary 

evidence that targeting Hsp70 may be a surprisingly viable pharmacological 

approach. However, many critical questions remain. For example, what is the 

molecular mechanism(s) by which inhibition of Hsp70 leads to tau degradation? 

How does Hsp70 selectively recognize abnormal tau from a pool of normal, 
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cycling tau? Speculative models to account for these interesting observations are 

elaborated upon below.  

 

1.5.3 Tau and Hsp90   

Hsp90 was also shown to increase association of tau with microtubules [114], 

however, its binding is not well characterized and it isn’t known whether this is a 

direct or indirect process. For example, it has recently been shown that Hsp90 

promotes tau’s phosphorylation by its ability to stabilize GSK3[118]. These data 

may suggest that Hsp90 allows accumulation of pathogenic tau species. 

However, this issue is more complicated, because other work has shown that 

chemical inhibition of Hsp90 by 17-AAG and other inhibitors reduces cellular 

levels of two phospho-tau species, pS202/T205 and pS396/S404, both of which 

are relevant to AD pathogenesis [119]. In response to the inhibitors, tau 

clearance occurs via CHIP-mediated, proteasomal degradation [119-121]. In 

addition, other mutant forms of tau have also been particularly susceptible to 

Hsp90 inhibition, while wild type tau is not [122]. Interestingly, it was recently 

found that reducing the levels of Akt, another client of the Hsp90/CHIP complex, 

facilitates tau degradation [123], suggesting a synchronized balance between 

competing Hsp90 substrates that may be driven, in part, by their relative 

abundance or susceptibility to Hsp90 binding. 

 

Together, multiple studies suggest that Hsp90 regulates the stability of both 

phospho- and mutant-tau. However, a greater effort needs to be made to 
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elucidate the mechanisms driving the apparent preservation of aggregation-

prone isoforms. Potential mechanisms and research avenues will be discussed in 

more detail below, but one interesting idea comes from studies implicating Hsp90 

as a driving force in evolution via its ability to preserve mutant proteins [124]. If 

Hsp90 can buffer against mutations, whether deleterious or beneficial, then this 

suggests that it might be adopting a similar role in tau pathogenesis. In other 

words, Hsp90 inhibition may be able to “de-evolve” the chaperone system to 

clear proteotoxic tau species. 

 

1.5.4 Tau and Small Heat Shock Proteins 

Hsp27 has emerged as a potential target for tau regulation based on early 

findings that it preferentially binds to phosphorylated and hyperphosphorylated 

tau and promotes their clearance [125, 126].  However, astrocyte-derived Hsp27 

has been shown to promote tau accumulation and Hsp27 associates with tau 

tangles in a mouse model [127, 128], suggesting a more complex relationship. 

Recently, our group demonstrated that viral delivery of wildtype Hsp27 into the 

brains of tau-transgenic mice reduced tau levels and rescued long-term 

potentiation (LTP) deficits. Conversely, delivery of a mock-phosphorylated mutant 

Hsp27 caused increased tau levels [129]. This study suggests that Hsp27 may 

need to cycle between phosphorylated and de-phosphorylated states to promote 

tau clearance, perhaps explaining the apparent contradictions observed 

previously. Until more is known about the structure and biology of Hsp27, and 

why certain multimeric states are necessary for its chaperoning abilities, it will 
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likely remain an elusive target. 

 

1.5.5 Tau and BAGs  

Proteins containing BAG domains, such as BAG1 and BAG2, have been found to 

function as NEFs for Hsp70s [62]. BAG1 is up-regulated in the hippocampus of 

AD patients [130], where it associates with tau and increases tau levels in 

cooperation with Hsp70 [131]. BAG1 silencing decreases tau levels, consistent 

with a critical role for this co-chaperone in protecting tau from degradation. 

However, another related BAG family member, BAG2, interacts with Hsp70 and 

tau but, unlike BAG1, it appears to be involved in clearing phosphorylated tau 

[132]. Thus, it appears that different BAG family members can have distinct and 

dramatic impacts on the fate of Hsp70-bound tau. Moreover, these studies 

suggest that pharmacologically enhancing BAG2 or inhibiting BAG1 might be 

expected to decrease tau levels. However, the best way to leverage this 

information isn’t yet clear. 

 

1.5.6 Tau and Hsp110 

Recent work has defined Hsp110 as another nucleotide exchange factor for 

Hsp70s [133, 134]. This co-chaperone is of interest in tauopathies because 

Hsp110 knockout mice show an age-dependent accumulation of phosphorylated 

tau in the hippocampus [135]. Because little is known about direct binding of 

Hsp110 to tau or its specific effects on substrate selection by Hsp70s, it isn’t yet 

clear how these findings might be translated to therapeutics. 
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1.5.7 Tau and FKBP51   

Recently, the co-chaperone FKBP51 (FK506-binding protein 51 kDa) has been 

implicated as a modulator of tau binding to microtubules. FKBP51 contains a 

peptidyl-prolyl cis-trans isomerase (PPIase) domain as well as a TPR domain; 

thus it can be recruited to the Hsp90 system where it catalyzes isomerization of 

proline residues in chaperone-bound substrates. In relation to tau biology, 

FKBP51 enhances the association of Hsp90 with tau, co-localize with tau in 

murine neurons, co-immunoprecipitate with tau in AD tissue samples, and 

increase with age in an AD mouse model [136]. These interactions may be 

functionally important because silencing FKBP51 reduces tau and 

phosphorylated-tau levels [136]. In addition, the PPIase activity of FKBP51 was 

necessary for tau-related, microtubule formation in a Xenopus oocyte model, 

suggesting that this co-chaperone is not only interacting with tau but that its 

enzymatic activity is important. Finally, FKBP51-Hsp90 complex has been 

proposed to be responsible for the interaction of tau with phosphatases, helping 

to restore binding to microtubules [137]. Together, these studies suggest that an 

Hsp90-FKBP51 complex assists normal cycling of tau via multiple mechanisms. 

Moreover, because high affinity inhibitors of FKBPs (such as FK506) are well 

known, these findings suggest important avenues for therapeutic intervention 

[138]. 

 

1.6 Models for Tau Quality Control and Future Opportunities for Drug 

Discovery 
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Together, these genetic and pharmacological studies suggest that targeting 

molecular chaperones may be a way to reduce phosphorylated tau levels and 

treat tauopathies. In fact, preliminary support for this idea has been provided 

using chemical inhibitors of Hsp70 and Hsp90 in model systems [44, 117, 120, 

121]. However, there are many open questions about the best way to proceed on 

the path to therapeutics. How do you develop drugs that reduce abnormal tau 

levels without impacting global proteostasis? Is it possible to selectively induce a 

BAG2-Hsp70 or CHIP-Hsp90 complex to accelerate tau degradation? In part, 

these deceptively simple questions arise from our relatively poor understanding 

of how normal triage decisions are made by the Hsp70/Hsp90 chaperone 

systems. How are substrates normally selected? What structural transitions lead 

to normal substrate turnover? What features of a substrate are important for 

communicating its failed folding to the chaperones? Here, we will briefly provide 

some plausible models that are consistent with the available findings. These 

discussions, while admittedly oversimplified, are intended to act as a framework 

for guiding future therapeutic efforts. 

 

1.6.1 The Role of ATP Hydrolysis and Substrate Dwell Time   

From a medicinal chemist’s perspective, targeting the ATP-binding site of either 

Hsp70 or Hsp90 has significant advantages, because the nucleotide-binding 

pockets are deep, well-defined clefts (for a recent, in-depth review of this concept 

see: [68]). Moreover, as mentioned above, inhibitors of the ATPase activities of 

either Hsp70 or Hsp90 have been found to reduce tau levels, supporting the 
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general promise of this approach [44, 117, 120, 121]. However, the mechanisms 

that correlate changes in nucleotide state with substrate degradation are not 

clear. In general, it is thought that inhibition of ATP cycling will lead to release of 

the substrate to the degradation pathways because of the allostery between 

nucleotide state and substrate-binding affinity. However, what is the structure and 

composition of the early degradation complex? How does it differ from the folding 

or retention complex? We propose that if we better understood the molecular and 

structural underpinnings of this triage decision, we might be able to develop 

therapeutic strategies that best target abnormal tau for turnover with minimal 

toxicity. 

 

One potential model linking ATPase inhibitors to changes in tau fate is based on 

the relative partitioning of substrates onto the Hsp70/Hsp90 chaperones [139]. As 

discussed earlier, both of these chaperones hydrolyze ATP and use this cycling 

to regulate their affinity for substrates. Thus, substrate “dwell time” in the 

chaperone-bound state will depend, in part, on nucleotide turnover rate and the 

relative abundance of the ATP- and ADP-bound forms [140]. It seems possible 

that folding-competent proteins, on average, might be more transiently 

associated with the Hsp70/Hsp90 complex, while misfolded substrates could be 

“stalled” and have increased dwell time. In this model, accumulation of an Hsp70-

substrate complex (either via treatment with chemical inhibitors or because of 

intrinsic properties of the substrate) might allow enough time for a degradation 

factor (e.g. CHIP) to bind and facilitate polyubiquitination. This idea is supported 
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by the findings that inhibitors of Hsp70’s ATPase activity favor degradation of tau, 

while activators (which would presumably promote ATP cycling) lead to net 

retention [73, 117]. Similarly, AdaSGC, which inhibits J-protein stimulated Hsp70 

ATPase activity, promotes escape of F508 cystic fibrosis transmembrane 

regulator (CFTR) from ER-associated degradation (ERAD) [142]. For studies on 

Hsp90 inhibitors, this model also has some support. For example, Hsp90 

inhibitors cause degradation of tau and many cancer-related substrates [85]. 

Moreover, these compounds were found to prolong binding of Hsp90 to a model 

substrate, which was sufficient to promote its degradation [141]. Together, these 

studies suggest that degradation factors, such as CHIP, might be particularly 

recruited to chaperones in a “stalled” conformation that is enforced by prolonged 

ATP/ADP binding or another, yet uncharacterized, structural signal. This 

“degradation cue” seems likely to be additionally impacted by a variety of other 

factors, including the context of the client, availability of co-chaperones and, 

possibly, the organelle environment. The fact that Hsp70 inhibitors reduce tau 

levels without affecting other likely Hsp70 substrates, such as -synuclein or 

TDP-43 in the same cells, generally supports the idea that substrates are actively 

involved in dictating their own fate [117]. Direct measurements of substrate dwell 

times in cells will likely be required to clarify the impact of this variable on quality 

control decisions. 

 

1.6.2 Selecting Abnormal Tau for Degradation    

The context-sensitive activity of the chaperone systems naturally gives rise to a 
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model in which they can “sense” molecular features of their substrates, such as 

aggregation-propensity. This model is consistent with the data that 

hyperphosphorylated tau appears to be specifically selected for degradation by 

some chaperone machines, such as the Hsp90-FKBP51 complex, without effects 

on normal tau [132, 136]. How does this selectivity arise? This question is 

important because any future therapy will likely need to reduce abnormal tau 

levels with minimal impact on total tau or global proteostasis. One potential 

insight comes from the observation that there are more than 40 distinct J-proteins 

in humans [143]. These co-chaperones are thought to be especially important for 

client selection and recruitment into the early Hsp70 triage complex. Because 

mammals express over forty J proteins, dozens of NEFs, hundreds of TPRs and 

other co-chaperones, combinatorial assembly will quickly permit a vast array of 

possible Hsp70/Hsp90 chaperone complexes. Thus, in this hypothetical and 

speculative model, groups of related substrates (e.g. hyperphosphorylated tau 

isoforms) might be expected to depend on a dedicated set of complexes. A major 

prediction of this model, then, is that targeting the “right” chaperone complex with 

small molecules might allow selective degradation of abnormal tau without 

adverse effects on other targets. However, this model is likely too simple. In 

addition to the composition of the targeted chaperone complex, cellular outcomes 

are likely to be influenced by the relative substrate expression levels, age, 

cellular folding capacity, current flux through the degradation pathways and cell 

type [144].  
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1.6.3 Control Over Protein-Protein Interactions in the Hsp70/Hsp90 

Complexes    

Because substrate fate is thought to be dependent on a series of “hand-offs” 

between dynamic, multi-protein chaperone complexes (as in Figure 2), another 

option for controlling the fate of tau might be to specifically target key protein-

protein interactions. Consistent with this idea, data from our group and others 

has suggested that chemical modulators of co-chaperone interactions "tip" the 

equilibrium and alter tau levels [72, 73, 117]. This general idea has been 

observed in other systems as well. For example, the Hsp90 inhibitor 

geldanamycin, mimics ADP binding but it also inhibits recruitment of p23, which is 

a necessary step in client maturation [145]. Interestingly, p23 deletion causes 

hypersensitivity to geldanamycin and its over-expression exhibits a protective 

effect [146], suggesting that these chemical and co-chaperone factors are 

antagonistic. Together, these data suggest that blocking recruitment of specific 

co-chaperones or facilitating the assembly of others might directly impact client 

fate. In fact, this is believed to be what occurs during natural triage steps [147]. 

For example, BAG-2 inhibits client ubiquitination by CHIP by interfering with the 

interaction between CHIP and E2 ubiquitin-conjugating enzymes [148]. In 

another example, McClellan, et al. showed that von Hippel-Lindau (VHL) tumor-

suppressor protein requires Hsp70 for its folding and degradation whereas 

Hsp90 is only required for degradation [149]. HOP was also required for 

degradation, indicating that transfer of VHL from the Hsp70 complex to Hsp90 is 

a necessary part of its degradation pathway. To the medicinal chemist or 
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chemical biologist, these studies suggest numerous potential opportunities for 

achieving desired outcomes by manipulating protein contacts within the 

chaperone system. 

Although there are significant challenges related to targeting protein-protein 

interactions (PPIs), significant advances have been achieved in the past decade 

[150, 151]. Emerging experimental methods, such as NMR-based fragment 

screening, are producing robust compounds [152] and comprehensive 

cheminformatics analyses have started to elucidate the features of good PPI 

inhibitors [151]. Because of these advances, PPI inhibitors are being identified 

with increasing frequency, even in the Hsp70/Hsp90 systems [73, 153]. For 

example, previous members of the Gestwicki laboratory found that 

dihydropyrimidine-based molecules can either force the association of a 

prokaryotic Hsp70 with its J protein partner or, with a relatively modest change in 

chemical structure, related compounds could block this contact [73]. These early 

studies suggest that the chaperone complexes might be amenable to chemical 

prodding, perhaps altering the fate of substrates, such as tau, that pass through 

this quality control system. 

 

1.6.4 Induction of a Stress Response 

Over the past decade, induction of Hsps has been shown to ameliorate 

proteotoxicity caused by misfolded proteins [154-159]. Accordingly, 

pharmacological activation of the heat shock response may be another viable 

strategy for the treatment of tauopathies. Towards that eventual goal, several 
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compounds that activate HSF1 have been reported (reviewed in [160]). However, 

the mechanisms that link HSF1 induction to improved proteostasis are not yet 

clear. In the case of HSF1 inducers, it seems plausible that the resulting 

conditions (e.g. elevated levels of Hsp70/90) influence the average dwell time of 

misfolded substrates on chaperones, leading to improved capacity to degrade 

damaged proteins. Additionally, high concentrations of chaperones, including 

Hsp27, might protect misfolded proteins from engaging in off-pathway, 

proteotoxic interactions. Because N-terminal Hsp90 inhibitors often induce a 

stress response, this mechanism may be particularly important in the response of 

abnormal tau to those compounds. 

 

1.7 Future Perspective 

What does the future hold for molecular chaperones as therapeutic targets for 

tauopathies? As emphasized throughout these discussions, we expect that more 

detailed insights into the cellular and molecular mechanisms of protein quality 

control will allow us to safely promote the turnover of abnormal tau. Based on our 

current knowledge, it seems likely that these eventual therapies will include 

compounds targeting the ATP-binding clefts of Hsp70/90. These compounds 

might prolong the dwell time of abnormal tau on the chaperones, promoting their 

degradation. However, to achieve low toxicity, this list of possible drugs may also 

include molecules that target other regions on Hsp70 and Hsp90, especially co-

chaperone binding surfaces that influence the selection of substrates. Finally, 

other chaperones, such as small heat shock proteins, remain under-explored as 
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drug target because they lack obvious binding sites. Finding ways to target these 

factors, with directly or via induction of a heat shock response, may expand our 

ability to accelerate tau turnover and ameliorate tauopathies. 

In this dissertation work, we approach some of these key questions by 

developing new, allosteric inhibitors of Hsp70 and exploring their effects on tau 

stability. In Chapter 2, we describe a new screening paradigm for specifically 

finding inhibitors of protein-protein interactions in the Hsp70 complex. In Chapter 

3, we explore the mechanism of one promising Hsp70 inhibitor, methylene blue. 

In Chapter 4, we describe the mechanism of MKT-077, another promising 

allosteric inhibitor of Hsp70. Further, in these Chapters, we describe the effects of 

these compounds on tau stability and clarify the mechanisms linking Hsp70 

function to tau turnover. Finally, in Chapter 5, we provide a perspective on the 

future of Hsp70 as a drug target in tauopathies. 

 

Notes 

This chapter is based on a manuscript written by Miyata,Y., Koren, J.3rd., Kiray, 

J., Dickey, C.A. and Gestwicki, J.E. that was published as “Molecular chaperones 

and regulation of tau quality control: strategies for drug discovery in tauopathies” 

in Future Medicinal Chemistry, (2011) 3(12), 1523-1537. 
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Chapter 2 

 

Development of High Throughput Screens for Hsp70 and Identification of 

Chemical Activators and Inhibitors 

 

 

2.1 Abstract 

As discussed in Chapter 1, Hsp70 is a potential therapeutic target for tauopathies. 

Despite increasing interest in inhibitors of this canonical molecular chaperone, 

only a handful of examples have been reported. In order to test a large number of 

compounds, we developed a new high throughput screening platform in 384-well 

format, which employs an energy transfer strategy to measure the ATPase 

activity of Hsp70. Briefly, white 384-well plates emit fluorescence when irradiated 

at 430 nm. In turn, this intrinsic fluorescence can be quenched by energy transfer 

with the quinaldine red-based chromophore, which absorbs at 430 nm upon 

complex formation with inorganic phosphate. Using this platform and a related 

approach, we screened over 55,000 compounds against the prokaryotic member 

of Hsp70, DnaK. The assay performance was good (Z’ ~ 0.6, CV ~8%) and new 

inhibitors were identified. In secondary assays, these compounds either blocked 

or promoted stimulation of DnaK by its co-chaperone, DnaJ. Thus, this simple 
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and inexpensive method is suitable for screening against Hsp70-family members 

and it has provided new chemical probes for studying the role of Hsp70 in 

tauopathy. 

  

2.1.1 Hsp70s are Involved in Human Diseases 

Members of the heat shock protein 70 (Hsp70) family of molecular chaperones 

are ubiquitously expressed and remarkably well conserved. In both eukaryotes 

and prokaryotes, Hsp70s play important roles in protein quality control, including 

during folding, transport and turnover [1]. Chapter 1 focused on the roles of 

Hsp70 in tauopathies and discussed the potential of these chaperones as drug 

targets in this class of diseases. However, Hsp70s have been implicated in 

cancer [2] and a number of protein-misfolding disorders, such as Parkinson’s 

disease [3]. In prokaryotes, the Hsp70 ortholog, DnaK, has been found to be 

essential for virulence in Staphylococcus aureus [4]. Despite these promising 

observations, a scarcity of drug-like inhibitors has limited in-depth exploration of 

this chaperone as a therapeutic target for tauopathies or other diseases [5]. The 

major goal of this Chapter is to develop new methods for identifying chemical 

compounds that target Hsp70s. 

 

2.1.2 Co-Chaperones of Hsp70 Regulates its ATPase Activity 

As discussed in Chapter 1, members of the Hsp70 family are composed of two 

domains: a substrate-binding domain (SBD) and a nucleotide-binding domain 

(NBD) [6]. The SBD accommodates short stretches of peptide and it seems to 
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have a preference for the hydrophobic residues that might be exposed in 

misfolded or incompletely folded proteins [7]. Binding of the SBD to its substrates 

is regulated, in part, by the nucleotide state of the adjacent NBD: the ATP-bound 

form has relatively weak affinity for substrates, while the ADP-bound form binds 

tightly [8]. However, the intrinsic ATPase activity of these proteins is slow; for 

example, Escherichia coli DnaK, has a Vmax of ~1 pmol ATP / µg enzyme / 

minute [9]. This modest turnover allows regulation by co-chaperones, such as 

DnaJ [10]. DnaJ belongs to a family of co-chaperones that bind Hsp70s through 

a conserved J-domain. This protein-protein contact accelerates ATP turnover 

through an allosteric mechanism [11]. 

 

2.1.3 Our Strategy to Identify Chemical Modulators of Hsp70 

In envisioning strategies for inhibiting members of the Hsp70 family, two of their 

activities become apparent as potential targets [5]. One approach is to inhibit 

binding of the SBD to its substrates. This strategy is exploited by certain insect-

derived, anti-bacterial peptides [12] and a fluorescence polarization-based assay 

to identify similar compounds has been developed [13]. A separate strategy is to 

block nucleotide turnover [14,15]. As discussed in Chapter 1, this goal might be 

accomplished by either directly competing with nucleotide [16] or by inhibiting the 

protein-protein interactions with the stimulatory co-chaperones. Toward this goal, 

other members of the Gestwicki group employed the well-known malachite green 

(MG) reagent to detect ATP hydrolysis by the DnaK-DnaJ combination in 96-well 

plates [17,18]. This assay identified a number of new Hsp70 inhibitors. 
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While the MG assay appeared to be a promising way to find new inhibitors of 

Hsp70 for use in tauopathies, our early attempts to further miniaturize the 

absorbance platforms to low volume 384-well microtiter plates were frustrated by 

significantly decreased sensitivity (data not shown). This is a problem because 

we could not screen larger compound collections using the 96-well format. In this 

Chapter, we explore whether energy transfer methodology [19] could be used to 

improve the performance of this assay in low volume.  

 

2.2 Results 

2.2.1 Fluorescent, Energy Transfer Method Has Enhanced Sensitivity for 

Inorganic Phosphate.    

The primary technical challenge in performing absorbance assays in high-density 

formats, such as 384- and 1536-well plates, is that the sensitivity is typically 

decreased ~2.5 fold by the restrictive well geometry [20,21]. In addition, 

absorbance assays demand flat, clear-bottomed microtiter plates that consume 

more reagents than other well geometries (e.g. round, concave). However, 

absorbance assays are often inexpensive and robust, so there is interest in 

finding ways to adopt them to higher density. One promising approach was 

reported by Zuck et al., who successfully converted a QR-based phosphate 

assay for use in 384-well format (Figure 2.1A) [19]. They observed that when 

white, opaque microtiter plates are irradiated at 430 nm, they emit fluorescence 

in a broad range between approximately 450 and 600 nm (Figure 2.1B). 

Because the QR-complex absorbs light at 530 nm, the emission from wells 
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containing phosphate is quenched; thus, this simple modification converts the 

absorbance assay into a fluorescence-quenching format (Figure 2.1C). Zuck and 

colleagues found that this strategy improves sensitivity because both the 

fluorescence emission and excitation are absorbed by the chromophore [19]. 

Further, the Walt group has explored the mechanistic underpinnings of a similar 

process, and they found that both radiative and non-radiative energy transfer 
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events contribute to improved sensing [22].  

 

Before adapting this platform for use against the prokaryotic Hsp70 family 

member, DnaK, we were interested in discerning the lowest concentration of 

phosphate that could be robustly detected. Accordingly, we prepared phosphate 

standard solutions and directly compared the sensitivity of the absorbance- and 

fluorescence-based methods. For these experiments, we found that the linear 

detection range of the absorbance method was approximately 0.5 to 5 µM 

(Figure 2.1D), in agreement with previous reports [17].  We found that the white 

plates gave a linear range of approximately 0.06 to 0.6 µM, an approximately 10-

fold improvement in sensitivity.  

 

2.2.2 Fluorescence Method Has Superior Performance in Pilot Screens.   

To our knowledge, a high throughput screening application of this fluorescence 

method has not yet been reported. Therefore, we first performed a pilot screen in 

384-well plates to gauge its performance. Briefly, we found that the combination 

of 0.4 µM DnaK and 0.7 µM DnaJ gave a signal that was linear for at least 2-3 

hours when incubated with 1 mM ATP (Appendix 2.9.1). From these 

experiments, we developed a protocol that was adopted from the previous 96-

well version (Figure 2.2A) [18]. For calculation of Z’ scores, we defined the 

negative control as the signal from enzyme plus DMSO and the positive control 

as buffer plus DMSO. 

 

Using these conditions, we screened the MS2000 collection of bioactive 
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compounds. This library is known to contain five DnaK inhibitors; thus, it could be 

used to probe the assay performance [23]. Also, we directly compared the 
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absorbance and energy transfer methods by splitting the reactions into either 

clear plates or low volume, white plates. Using this side-by-side approach, we 

confirmed our previous observations that the absorbance-based assay is a 

relatively poor HTS method, with a Z’ score of approximately 0.2. Moreover, this 

method only identified one of five known inhibitors and it gave two false positives 

(Figure 2.2B). In contrast, the fluorescence method yielded a Z’ score of 0.6 and 

it correctly identified all five known inhibitors. We also confirmed that the 

fluorescence method could accurately replicate the IC50 of one inhibitor 

(Appendix  2.9.1C). Together, these results suggest that the fluorescence 

method is suitable for screening in low volume 384-well plates.  

  

2.2.3 High Throughput Screen for Inhibitors of DnaK's ATPase Activity. 

Based on the promising results from the pilot experiments, we screened an 

additional 55,400 small molecules and natural product crude extracts against the 

ATPase activity of DnaK-DnaJ (Figure 2.3A). In these experiments, we found 

that the Z' factors ranged from 0.10 - 0.75 with an average of 0.58 (Figure 2.3B). 

Interestingly, we found that the occasional poor Z' values were partially 

attributable to plates with intrinsic fluorescence that were either significantly 

above or below average (Appendix 2.9.2). Because these microtiter plates were 

not originally manufactured for use in fluorescence applications, we expect that 

the amount of fluorescent material may be unevenly distributed, resulting in 

occasional plates with higher or lower signal. These unsatisfactory plates (Z' 

value < 0.4) were excluded from further analyses (3 % of total plates), increasing 

the average Z' score to 0.60. More recently, we have started “pre-screening” 
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fresh, empty plates to remove these outliers. 

 

Samples were screened at a single concentration (between 10 to 40 M) against 

DnaK-DnaJ, with the addition of 0.01% Triton X-100 to minimize false discovery 

of aggregators. From these screens, samples that exhibited effects of 35% or 

higher by plate were considered inhibitors. Samples with signals at least 3-times 

the standard deviation from the negative controls and samples on their given 

plate were also included. Of 55,400 samples tested, 598 fell into this category (hit 

rate: 1.1 %). In previous studies by the Gestwicki laboratory, activators of Hsp70s 

have also proven to be powerful chemical tools [23,24]. With the aim of 

potentially expanding the number of activators, the HTS results were reviewed 

for samples with signals of -2.5 standard deviations or lower. Using this modest 

criterion, 122 unique samples were identified as activators (hit rate: 0.22 %). 

 

To confirm their activities, the samples were subjected to confirmatory retesting 
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in duplicate. Prior to this experiment, 10 compounds containing a heavy metal 

and 11 compounds with a molecular weight above 650 Da were excluded, 

because they were expected to have unfavorable properties. In addition, the 

natural product extracts were excluded and their analysis will be reported 

elsewhere. Thus, a total of 508 unique compounds (400 inhibitors and 108 

activators) were assayed and 73 inhibitors confirmed. None of the activators 

confirmed upon retesting, although it should be noted that they only exhibited 

weak activity in the primary screen and the assay conditions were optimized to 

identify inhibitors. The Z' factors for the confirmation assay ranged from 0.65 and 

0.70. 

 

The confirming structures were subsequently clustered to determine if series 

were present. Clustering at 65% + similarity with the fingerprints (Unity) and 

clustering algorithms (Optisim) by Benchware DataMiner produced 55 clusters. It 

has been shown that a compound with 85% or greater structural similarity to an 

active compound will have a ~30% probability of also being active [25]. Therefore, 

we analyzed our internal database of ~150,000 compounds and retrieved 

structures that have 85% or greater similarity to any of the confirmed inhibitors. 

Based on this analysis, we selected 76 compounds that belong to three largest 

clusters for testing in dose dependence assays. These assays were performed 

using a 2-fold dilution series of eight compound concentrations (1 to 125 M). Of 

the 127 compounds tested, 70 showed dose dependent inhibition curves. In 

order to minimize false positives, these 70 compounds were then evaluated for 
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autofluorescence. Briefly, compounds were excluded if their intrinsic 

fluorescence (Ex: 430 nm, Em: 530 nm) at 5 M was at least 10% of the positive 

control or if their dose dependence plateau was above the positive control (see 

examples in Figure 2.3A). These filters excluded 34 samples, leaving 36 unique 

compounds as potential DnaK-DnaJ inhibitors. These compounds were clustered 

to reveal six unique chemical scaffolds. Finally, each of these compounds was 

manually reviewed for the possession of reactive groups such as Michael 

acceptors, epoxides, and free thiols. However, none of them had such functional 

groups. 

 

To further evaluate the identified actives, we repurchased four examples that 

belong to the largest cluster (cluster 1, containing 26 of the 36 remaining 

compounds); 1a (4-(4-nitrophenyl)-3a,4,5,9b-tetrahydro-3H-

cyclopenta[c]quinoline-6-carboxylic acid) (ChemBridge, cat. 5585430), 1b (4-(4-

chlorophenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-carboxylic acid) 

(ChemDiv, cat. 2374-0013), 1c (4-(3-(trifluoromethyl)phenyl)-3a,4,5,9b-

tetrahydro-3H-cyclopenta[c]quinoline-8-carboxylic acid) (ChemDiv, cat. 5408-

1849), 1d (4-(4-ethylphenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-

carboxylic acid) (ChemDiv, cat. 6415-0967) (Figure 2.4A). Unexpectedly, none 

of these compounds were inhibitors upon re-testing. These samples were 

subsequently subjected to a side-by-side assay against the original stock 

solutions. Interestingly, the two series had significantly different inhibitory profiles; 

the “old” samples were highly active whereas the repurchased compounds were 
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inactive. Despite these differences, analysis by mass spectrometry and 1H NMR 

suggested that both sets of compounds were relatively pure and that they had 

the correct molecular formulae. One potential clue to this discrepancy came from 

observations made during the assay setup, in which we noticed differences in the 

color of these samples. Specifically, over the span of 5 days at room temperature 

in DMSO, the re-purchased compounds would eventually become slightly 

colored. Moreover, these aged samples now had anti-DnaK ATPase activity 
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upon re-testing. Based on the reported synthesis of this scaffold [26] and the 

presence of a free acid in the active structures, we suspected that the color 

difference (and perhaps the activity differences) might arise due to metal 

chelation. Indeed, treatment with EDTA inhibited the color change and extraction 

of the "active" form with an EDTA solution led to a loss of its activity (data not 

shown). Thus, we concluded that the active sample appears to involve a metal 

and no further investigation was pursued.  

 

Compounds belonging to the other clusters were studied in a similar manner. 

Briefly, we repurchased two compounds from cluster 2 [2a (ethyl 2-amino-1-

phenyl-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate) (ChemDiv, cat. 5122-1769), 

2b (ethyl 2-amino-1-hexyl-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate) (ChemDiv, 

cat. 6256-4951)] and the three singlets that were available for resupply [3a (6-

methyl-2-((2-oxo-2-phenylethyl)thio)-4-(trifluoromethyl)nicotinonitrile) (ChemDiv, 

cat. 3076-0200), 3b (ethyl 6-acetyl-2-amino-4,5,6,7-tetrahydrothieno[2,3-

c]pyridine-3-carboxylate) (ChemDiv, cat. K813-0112), 3c (cyclopentyl (3-(2-

methoxy-4-((o-tolylsulfonyl)carbamoyl)benzyl)-1-methyl-1H-indol-5-yl) carbamate) 

(Cayman Chemical Inc., cat. 10008282)]. We confirmed the structure of these 

compounds by mass spectrometry and then determined their IC50 values. 

Compounds 2a, 2b, 3a and 3b had poor activity (> 500 M) and were not further 

pursued. However, compound 3c inhibited ATPase activity with an IC50 value of 

37 ± 1 M (Figure 2.4B). Previously identified, allosteric Hsp70 inhibitors also 

have relatively modest, micromolar IC50 values [5]. Thus, the activity of 3c is 
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comparable to some of the known compounds. 

 

2.2.4 Compound 3c Binds DnaK, Favors High Affinity Binding to Luciferase 

and Blocks DnaK’s Stimulation by DnaJ  

To characterize compound 3c in secondary assays, we first investigated its 

ability to directly bind DnaK. Using tryptophan fluorescence, we found that the 
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compound bound the chaperone with an estimated KD of 13 ± 1.7 M, in 

relatively good agreement with the IC50 value from the ATPase assay (Figure 

2.5A). Next, we wanted to explore how compound 3c might influence the 

structure of DnaK and, specifically, its interactions with substrates. As mentioned 

above, the ATP-bound form of DnaK has relatively poor affinity for substrate, 

while the ADP-bound form has enhanced affinity (Figure 2.5B) [8]. To test 

whether compound 3c might change DnaK’s apparent affinity for substrate, we 

measured binding of the chaperone to the model substrate, firefly luciferase 

(Figure 2.5B). By this method, the affinity of DnaK for luciferase was 260 ± 50 

nM (Figure 2.5C) and addition of compound 3c significantly improved the 

apparent affinity (Figure 2.5D).  

 

Because much of the signal from the ATPase assay is due to the stimulatory 

activity of the co-chaperone DnaJ, we hypothesized that compound 3c might 

alter the interaction between DnaK and DnaJ. To explore that model, we 

determined the K0.5 of DnaJ to estimate the strength of the protein-protein 

interaction. In the absence of inhibitor, we found that the K0.5 of DnaJ was 0.17 ± 

0.01 M (Figure 2.6A). Addition of low levels (25 M) of compound 3c did not 

significantly alter this value (K0.5 = 0.18 ± 0.01 M). However, higher 

concentrations (50 or 100 M) increased the K0.5 to 0.96 ± 0.16 M and greater 

than 2 M, respectively (Figure 2.6A). These results suggested that binding of 

compound 3c to DnaK might interrupt its interactions with DnaJ. 
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Finally, members of the Hsp70 family are highly conserved, with DnaK sharing 

nearly 50% sequence identity with human Hsp72 (HSPA1A) and bovine Hsc70   

(HSPA8). To test whether compound 3c might inhibit the ATPase activity of 

these related family members, we carried out dose dependence experiments in 

the presence of DnaJ. We found that this compound had an IC50 of 71 ± 1.2 M 

for human Hsp72, and an IC50 of 106 ± 1.0 M against bovine Hsc70 (Figure 

2.6B), showing that compound 3c also inhibits the mammalian isoforms. 

Together, this screening approach using the reconstituted Hsp70 complex 

(DnaK-DnaJ) identified an inhibitor that specifically blocks the interaction.  

 

2.2.5 Screening of Natural Product Extracts 

To explore additional chemical scaffolds that inhibit Hsp70’s ATPase activity, we 

assembled a collection of organic extracts from 36 commercial spices and crude 

plant materials. For this specific study, we chose to use common plant materials, 
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containing largely known compounds, to facilitate downstream identification of 

active components. Also, because the Hsp70 family is highly conserved and 

expressed in many plant pathogens, we were interested in whether natural 

product extracts might be particularly enriched for inhibitors of this system.  

 

This collection was arrayed in 96-well plates and screened at 40 g/mL using the 

colorimetric ATPase assay [18]. We used the colorimetric version of the assay 

(rather than the new fluorescence method) because of the small number of 

samples. Using this approach, we screened each crude extract in triplicate and 
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found that only 6 of 36 extracts (allspice, black tea, cocoa, cinnamon, cloves, and 

white tea) inhibited ATPase activity by more than 30% (Figure 2.7A). Using 

activity-guided fractionation on reverse phase HPLC columns, we identified the 

major active component from the white tea extract as epicatechin-3-gallate (ECG) 

(Figure 2.7B and Appendix 2.9.3). ECG is known to be prevalent in this plant 

[27]. In dose dependence experiments, the IC50 of authentic ECG was 6.0  0.9 

µM against the DnaK-DnaJ system (Figure 2.7C).  Based on this finding, we 

collected 80 related flavonoids and found that myricetin has the best overall 

inhibitory activity. Subsequent structural and mechanistic studies by Lyra Chang 

and Eric Bertelsen identified myricetin’s binding site on DnaK and demonstrated 

that the compound specifically blocks the interaction between DnaK and DnaJ 

(described in more detail in [28]). While flavonoids are known to have a wide 

range of cellular targets and activity and, thus, they are not ideal chemical tools, 

identification of the new binding site may aid in These studies confirmed that the 

ATPase assay against the reconstituted DnaK-DnaJK complex could be used to 

identify compounds that block protein-protein contacts and “tune” the activity of 

Hsp70 family chaperones.  

 

2.2.6 Screening of Known Bioactive Compounds 

Using the same colorimetric method, we next evaluated a library of 2,800 known 

bioactive compounds. We expected that this collection might have different 

compounds than the 55K diverse compounds or the natural product extract 

collection and, thus, new chemical scaffolds might be found. Using the same 
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screening method used above, we screened 2,800 members of the MS2000 and 

NCC collections of bioactive and FDA-approved compounds. This collection also 

included ~250 dihydropyrimidines because its scaffold had previously been found 

to bind Hsp70 [29,30].  These efforts identified five active compounds (0.2% hit 

rate) belonging to at least three chemical scaffolds (Figure 2.8A). These 

compounds either accelerated or reduced the ATPase activity of human Hsp70. 

The benzothiazine, methylene blue (MB), its demethylated analogue, azure C 

(AC [31])  inhibited human Hsp70 by more than 80% with IC50 values of 83, 11 

M, respectively (Figures 2.8B). In addition, we found myricetin as an inhibitor, 

supporting our previous finding (see 2.2.5). We were also able to identify 

activators of ATPase activity in the dihydropyrimidine family (115-7c and SW02). 

These compounds increased Hsp70 function by ~ 45% with EC50 values of ~ 120 

to 150 M. Together, these experiments, using a new HTS platform and three 



59 

 

different compound collections, provided a suite of chemical probes for Hsp70. 

 

2.3 Discussion 

2.3.1 Miniaturization of Colorimetric Assay by Energy Transfer   

Absorbance assays are widely used to monitor the activity of ATPases, GTPases, 

phosphatases and kinases. They are widely used, in part, because they are 

robust, easy to use and relatively inexpensive. However, these assays are 

typically performed in cuvettes or medium-density (i.e. 96-well) microtiter plates. 

While these formats are suitable for some studies, they are not preferred for high 

throughput screens, especially in low volume. Adopting a method developed by 

Zuck et al, [19], we have successfully converted a QR-based absorbance assay 

to 384-well format and screened a collection of >55,000 compounds. Although 

this general method was published in 2005, it remains largely under-evaluated in 

the screening literature. Rather, other phosphate-detection technologies, such as 

Phosphate Sensor (Invitrogen, Carlsbad, CA) and Transcreener™ ADP2 kit 

(Bellbrook Laboratories, Madison, WI) have been more widely used [32]. In our 

hands, this simple and inexpensive (approximately 1-2 cents / well) fluorescence 

method was robust and had good assay performance against a weak ATPase. 

However, it must be emphasized that there is significant potential for interference 

from autofluorescent or colored compounds, yielding false positives. Also, it 

should be clearly noted that occasional plates, from multiple manufacturers, 

produced very poor Z' values due to their inconsistent fluorescence (see 

Appendix 2.9.2). Despite these important concerns, we suspect that this 
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procedure may be useful in certain settings, especially when cost is a primary 

concern. 

 

2.3.2 High Throughput Screen and Characterization of a Hit Compound 

Using the energy transfer methodology, we embarked on a screening strategy 

against E. coli DnaK in combination with its co-chaperone DnaJ. We screened 

three different collections, including a natural product extract library, a collection 

of known bioactives and a diversity set. Screening of 55,400 molecules identified 

compound 3c, with an IC50 value of 37 ± 1 µM (see Figure 2.4B) and an affinity 

of 13 ± 1.7 µM (see Figure 2.5A). Compound 3c selectively suppressed 

stimulation by DnaJ, while having little effect on the intrinsic ATPase activity (see 

Figure 2.5). Further, this compound did not block binding of DnaK to luciferase 

and, rather, it significantly enhanced this interaction (see Figure 2.5D). The high 

affinity form of DnaK is a poor partner for DnaJ [10], which might partially explain 

the observed behaviors. Future structural studies are expected to provide more 

insight into the mechanism of this compound and, more broadly, the pathways of 

allosteric regulation in the DnaK-DnaJ complex. 

 

Additional screening using the previously established colorimetric method 

identified three chemical scaffolds including flavonoids, phenothiazines and 

dihydropyrimidines. Importantly, the dihydropyrimidines enhanced ATP turnover 

by Hsp70 while phenothiazines inhibited it, providing us with tools to “tune” the 

activity of Hsp70. Although additional work is needed to optimize these 
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compounds, these screening efforts provided multiple new scaffolds for 

exploration. In Chapters 3, we will further characterize two of these promising 

scaffolds.  

 

2.3.3 Conclusion 

Previous work by the Gestwicki group had resulted in a 96-well assay that could 

be used to identify new activators and inhibitors of Hsp70 [18]. This was an 

important advance because there were very few chemical modulators of Hsp70 

known and this platform allowed identification of promising compounds, including 

dihydropyrimidines. However, this approach wasn’t suitable for screening larger 

collections because of a loss of sensitivity in low volume. In this Chapter, I have 

developed a QR-based high throughput screening method in 384-well format by 

taking advantage of intrinsic fluorescent property of microtiter plates. This 

approach solved the problem of low sensitivity and this method proved to be a 

rigorous HTS method.  

 

Beyond the technical advance of developing a new screening approach, the work 

in this Chapter also revealed a number of new chemical scaffolds that either 

activate or inhibit Hsp70. As discussed in Chapter 1, the biology of Hsp70 is 

highly dependent on its interactions with co-chaperones, such as J proteins and 

NEFs. Thus, we were particularly interested in finding molecules that act on the 

complex between Hsp70 and the J co-chaperones. Accordingly, we performed 

the screens against the reconstituted complex of DnaK and DnaJ. Consistent 
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with the assay design, we found that the resulting compounds selectively acted 

on the DnaK-DnaJ complex (as further discussed in Chapter 3). These molecules 

may be especially powerful probes for exploring the complex biology of Hsp70 

and its roles in tau turnover.  

 

2.4 Materials and methods 

2.4.1 Reagents 

Unless otherwise specified, all reagents were purchased from Sigma (St. Louis, 

MO). The dihydropyrimidines 115-7c and SW02 were synthesized as described 

(Wisen, et al. 2008) E. coli DnaK was purified according to published procedures 

[18]. E. coli DnaJ was purified as previously described [33]. 

 

2.4.2 Small Molecule Libraries. 

The MicroSource MS2000 library contains ~2,000 bioactive compounds with a 

minimum of 95% purity. Briefly, the collection includes 958 known therapeutic 

drugs, 629 natural products and derivatives, 343 compounds with reported 

biological activities and 70 compounds approved for agricultural use. The 

University of Michigan Center for Chemical Genomics (CCG) small molecule 

library consists of 16,000 Maybridge HitFinder, 13,000 ChemBridge, 20,000 

ChemDiv, 3,000 NCI, 450 NIH Clinical Collection (NCC) compounds and ~20,000 

natural product extracts. The activity of promising compounds was confirmed 

using repurchased samples from original vendors. Compound 3c was purchased 

from Cayman Chemical Inc. (Ann Arbor, MI). Compounds were used without 
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further purification.  

 

2.4.3 High Throughput ATPase Assay – Absorbance Method.      

The assay procedure was adopted from previous reports with modifications 

where indicated [18].  All components other than compounds were added by a 

Multidrop dispensor (Thermo Fisher Scientific, Inc., Waltham, MA). Stock 

solutions of 0.05% w/v quinaldine red (QR), 2% w/v polyvinyl alcohol, 6% w/v 

ammonium heptamolybdate tetrahydrate in 6 M HCl and water were mixed in a 

2:1:1:2 ratio to prepare the QR reagent. This reagent was prepared fresh prior to 

each experiment. For compound screening, a stock solution of DnaK and DnaJ 

was prepared in assay buffer (100 mM Tris-HCl, 20 mM KCl, and 6 mM MgCl2, 

0.01% Triton X-100, pH 7.4) so that the final concentration of DnaK was 0.4 µM 

and DnaJ was 0.7 µM (unless noted). This solution (10 μL) was then added to 

each well of a 384-well clear plate (Thermo Fisher Scientific, Inc., Waltham, MA). 

To this solution, 0.4 μL of either compound (1.5 mM) or DMSO was added to 

each well by Biomek HDR (Beckman, Fullerton, CA).  Finally, 4 μL of a 7 mM 

ATP solution was added to begin the reaction. The plates were then incubated 

for 3 hrs at 37 °C. After incubation, each well received 40 μL of the QR reagent, 

allowing 2 min of reaction time, and then quenched by addition of 32% w/v 

solution of sodium citrate (4 μL). The plates were then incubated for an additional 

15 min at 37 °C before measuring absorbance at 530 nm on a PHERAstar plate 

reader (BMG Labtech, Cary, NC).  
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2.4.4 High Throughput ATPase Assay – Fluorescence in White Plates. 

The QR reagent was prepared exactly as indicated above. All components other 

than compounds were added by a Multidrop dispensor (Thermo Fisher Scientific, 

Inc., Waltham, MA). The DnaK-DnaJ stock solution was prepared so that the final 

concentration of DnaK was 0.4 µM and DnaJ was 0.7 µM (unless noted). This 

solution (5 μL) was then added to each well of a 384-well opaque, white, low-

volume, non-sterile, polystyrene 384-well plates (Greiner Bio-One North America 

Inc., Monroe, NC). To this solution, 0.2 μL of either compound (1.5 mM) or 

DMSO was added to each well by Biomek HDR (Beckman, Fullerton, CA). 

Finally, 2 μL of a 3.5 mM ATP solution was added to begin the reaction. The 

plates were then incubated for 3 hrs at 37 °C. After incubation, each well 

received 15 μL of the QR reagent, allowing 2 min of reaction time, and then 

quenched by addition of 32% w/v solution of sodium citrate (2 μL). These plates 

were incubated for 15 min at 37 °C and the fluorescence intensity measured 

(excitation 430 nm, emission 530 nm) on a PHERAstar plate reader. Standard 

curves were obtained using stock solutions of dibasic potassium phosphate.  

 

2.4.5 Tryptophan Fluorescence Assay. 

The method for measuring binding to DnaK was carried out as previously 

described [18]. Briefly, DnaK (5 M) in 1 mM ATP was incubated with the 

indicated concentration of compound 3c in a total volume of 25 L for 20 min at 

37 oC. The emission spectrum between 300 - 450 nm was recorded (excitation at 

290 nm) using a SpectraMax M5 microplate reader (Molecular Devices, 
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Sunnyvale, CA).  

 

2.4.6 Enzyme-linked Immunosorbent Assay. 

The procedure for DnaK binding to luciferase was adapted from a previous report 

[34]. Briefly, firefly luciferase (0.2 mg/mL) was first incubated with 0.1 μM trypsin 

at 37 °C for 1 hr in HEPES buffer (40 mM HEPES, 8 mM MgCl2, 20 mM NaCl, 20 

mM KCl, 0.3 mM EDTA, pH 7.2), the reaction was quenched with 1 mM PMSF 

and diluted to 5 μg/mL with PBS buffer (pH 7.4). An aliquot (50 µL) was then 

added to 96-well plates (ThermoFisher brand, clear, non-sterile, flat bottom). 

After 1 hr of incubation at 37 °C, the wells were washed three times with 100 µL 

PBS-T (0.05% Tween-20). A solution of DnaK (at the indicated concentrations), 

compound 3c,  and 1 mM ATP was pre-incubated in HEPES with 0.01% Tween 

for 30 min. From this solution, 50 μL was added to wells and allowed to bind for 

30 min at room temperature. After washing three times with PBS-T, 5% non-fat 

milk (w/v) in 100 μL TBS-T was used to block the non-specific binding sites. 

Primary antibody was then added (1:3000 dilution of rabbit anti-DnaK serum in 

TBS-T, 50 μL/well) and the plates were incubated for 1 hr at room temperature. 

Wells were then washed three times with TBS-T, followed by addition of HRP-

conjugated secondary (1:3000 dilution of goat anti-rabbit serum in TBS-T, 50 

μL/well). After a 1 hr incubation, the wells were washed three times and signal 

developed for 20 min using the TMB kit from Cell Signaling Technology (Danvers, 

MA). The absorbance was measured using a SpectraMax M5 microplate reader 

(Molecular Devices, Sunnyvale, CA) at 450 nm.  
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2.4.7. Construction of Natural Product Extract Library and Screening 

Against DnaK/DnaJ Complex 

Approximately 300 mg of powdered natural product was extracted with ~500 L 

of methanol. After vortexing and 15 minutes of sonication, the samples were 

centrifuged at 10,000 rpm for 5 minutes and the supernatant collected. After 

removing the organic solvent, the dried material was suspended in DMSO at 1 

mg/mL. The resulting extract library was screened in the ATPase assay at 40 

g/ml final concentration, using a previously described protocol [18]. The 

concentrations of DnaJ and DnaK were 1.0 and 0.6 M, respectively. 

 

2.4.8 Identification of the Active Component from Tea.  

White tea leaves were extracted with EtOAc, MeOH and acetone. The combined 

extracts were then concentrated in vacuo and the residue was partitioned 

between H2O and CH2Cl2. The organic phase was partitioned between 90% 

MeOH and n-hexanes and the aqueous MeOH fraction was further partitioned 

between 60% MeOH and CH2Cl2. Using ATPase assays for bioactivity-guided 

fractionation, we identified the 60% MeOH fraction as the sample with inhibitory 

activity against E. coli DnaK. This sample was then subjected to ODS flash 

chromatography (Supelco, Bellefonte, PA) with aqueous MeOH, yielding six 

fractions. The most active fraction was purified by reversed-phase HPLC 

(Beckman-coulter, Brea, CA) on Waters Spherisorb ODS-2 using a linear 

gradient elution of an aqueous MeOH system followed by reversed-phase HPLC 

with 20% aqueous MeOH. This procedure yielded epicatechin 3-gallate (ECG) as 
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the major active component. The identification of this compound was confirmed 

by comparison of the 1H NMR spectrum and ESI-MS spectrum with those of an 

authentic sample purchased from MicroSource (see Appendix 2.9.).  

 

2.4.9. Identification of Chemical Modulators of Hsp70 from MS2000 Library. 

High throughput screening of ATPase activity was performed using human 

Hsp72 and E.coli DnaJ as previously described [18]. The pilot collection of 

compounds was comprised of the commercial MS2000 FDA-approved set 

(Spectrum) and an internally generated, focused collection of dihydropyrimidines 

[35]. The statistical parameters of the screen were similar to those previously 

reported for the prokaryotic Hsp70, DnaK (Z factor ~ 0.7; S/N > 10; CV ~ 8%). 

Active compounds were defined as those with at least 30% activity: activators 

accelerated steady-state ATP hydrolysis at least 30%, while inhibitors reduced 

this value. This criterion was selected because it represents 3 standard 

deviations of the DMSO control. Hits were subsequently subject to 8-point dose 

dependence verification in triplicate and the results analyzed with GraphPad 

PRISM.  

 

Notes 

This work was partially published in the following manuscripts: 

“High-throughput screen for Escherichia coli heat shock protein 70 (Hsp70/DnaK): 

ATPase assay in low volume by exploiting energy transfer” Miyata, Y., Chang, L., 

Bainor, A., Mcquade, T.J., Walczak, C.P., Zhang, Y., Larsen, M.J., Kirchhoff, P., 



68 

 

and Gestwicki, J.E.,(2010), J.Biol.Screen. 15;1211-1219 

“Chemical screens against a reconstituted multiprotein complex: myricetin blocks 

DnaJ regulation of DnaK through an allosteric mechanism” Chang, L., Miyata, Y., 

Ung, M.U., Bertelsen, E.B., Mcquade, T.J., Carlson, H.A., Zuiderweg, E.R.P. and 

Gestwicki, J.E. (2011) Chem.Biol. 18;210-221 

“Chemical manipulation of Hsp70 ATPase activity regulates tau stability” Jinwal, 

U.K., Miyata, Y., Koren, J.III., Jones, J.R., Trotter, J.H., Chang, L., O’Leary, J.O., 

Morgan, D., Lee, D., Shults, C.L., Rousaki, A., Weeber, E.J., Zuiderweg, E.R.P., 

Gestwicki, J.E. and Dickey, C.A. (2009) J. Neurosci, 29 (39); 12079-12088 

 

Author contributions 

Yoshinari Miyata, Lyra Chang and Jason, E. Gestwicki designed the screens and 

follow-up experiments. Yoshinari Miyata and Lyra Chang conducted the screens 

with help from Thomas J. Mcquade, Martha, J. Larsen and Paul Kirchhoff (UM 

Center for Chemical Genomics) and they also conducted the follow-up 

experiments. Anthony Bainor and Christopher P. Walczak carried out some of 

the absorbance-based 384-well plate assay. Yaru Zhang optimized conditions for 

the ELISA assay. Yoshinari Miyata performed assay-guided purification and 

identification of active component from tea extract.  
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2.5 Appendices 

2.5.1 Characterization of the white plate, fluorescent assay 
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2.5.2 Occasional outliers in white, opaque microtiter plates. 
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2.5.3. Characterization of active component from white tea and 

identification as (-)-epicatechin-3-gallate. 
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Chapter 3 

 

Pharmacological Manipulation of Hsp70 by Methylene Blue 

 

 

3.1 Abstract 

As discussed in Chapter 2, we identified inhibitors and activators of Hsp70 

ATPase activity using a new high throughput screen. In this chapter, we used 

these molecules to study the relationship between Hsp70 and tau turnover. We 

hypothesized that tuning the ATPase activity of Hsp70 might control its affinity for 

tau, which could then translate to either its accumulation or clearance. Indeed, 

inhibitors led to rapid proteasomal degradation of tau in a cell-based model, while 

Hsp70 activators preserved tau levels. The effects of these molecules on tau 

stability were dependent on the levels of Hsp70, suggesting that Hsp70 is a 

major target of these compounds in cells. Unexpectedly, inhibition of Hsp70 did 

not result in widespread protein degradation; rather, only a handful of Hsp70 

substrates seemed to be particularly sensitive. Also, Hsp70 inhibition did not 

induce a heat shock response. To explore the translational potential of these 

observations, we tested one of the inhibitors, methylene blue (MB) in organotypic 

brain slices and a mouse model of tauopathy. In both cases, MB led to rapid and 

substantial reductions in tau levels and, in the mouse model, it improved 
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cognitive functions. Based on these promising results, we explored the molecular 

mechanism linking MB to Hsp70 and tau degradation. Mass spectrometry, 

molecular modeling and point mutagenesis studies showed that MB inhibited 

Hsp70 by selectively oxidizing two cysteine residues, reducing its affinity for ATP. 

Interestingly, one of the critical reactive cysteines is only found in stress inducible 

Hsp70 family members and not the constitutive isoforms, such as Hsc70. 

Accordingly, Hsc70 was resistant to MB and mutating this cysteine to serine in 

Hsp70 provided resistance as well. These results suggest that stress inducible 

Hsp70 isoforms might have evolved to specifically respond to oxidative stress. 

Together, the work described in this Chapter leads to a model in which the 

ATPase activity of Hsp70 regulates tau stability. Further, compounds that block 

ATP turnover, such as MB, lead to tau degradation. 

 

3.1.1 Abnormal tau causes neurodegenerative diseases 

In Alzheimer’s disease (AD), the accumulation of amyloid plaques composed of 

A peptide is largely accepted as the pathogenic initiator, leading to intracellular 

accumulation of the microtubule associated protein tau into tangles [1,2]. 

However, cognitive dysfunction and neuron loss, both in AD and transgenic mice 

that accumulate amyloid-type pathology, are closely linked to tau deposition [3-5]. 

Moreover, tau pathology is found in approximately 15 other neurodegenerative 

diseases, some of which are caused by mutations in the tau gene itself [6]. Thus 

developing strategies to remove abnormal tau in symptomatic patients may be 

therapeutically beneficial; however, it is not yet clear which targets are best 
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suited to accomplish this task.  

 

3.1.2 Molecular chaperones regulate the turnover of substrates, such as tau, 

through a poorly understood mechanism 

As discussed in more detail in Chapter 1, molecular chaperones, such as heat 

shock proteins Hsp70 and Hsp90, have been implicated in tau processing [7-15]. 

Both Hsp70 and Hsp90 utilize ATP to regulate protein refolding [16]. The details 

of this mechanism and the effects of nucleotide exchange on Hsp70 structure 

and function have been established using mutagenesis, combined with structural 

and biophysical studies [17,18]. Briefly, ATP binding to the nucleotide-binding 

domain (NBD) of Hsp70 allosterically promotes a conformational change that 

allows weak binding of substrate proteins in the substrate-binding domain (SBD). 

ATP hydrolysis to ADP then causes the C-terminal “lid” to close, facilitating high-

affinity (~10-fold increase) substrate binding. When ADP is exchanged for ATP 

by an accessory nucleotide exchange factor (NEF), the lid opens, freeing the 

substrate. Despite recent progress, it still isn’t clear how these biochemical 

features relate to the ultimate fate of substrates. How are the ATPase and 

substrate-binding activities of Hsp70 “decide” whether a substrate will be retained 

or degraded? This is one of the major questions in chaperone biology and a 

better understanding of this relationship could provide new therapeutic 

opportunities for tauopathies. 

 

3.1.3 Inhibitors and activators of Hsp70 might provide new opportunities 
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for understanding Hsp70’s role in tau stability 

In contrast to the extensive work on chemical inhibitors of Hsp90 ATPase 

function [15,19,20], chemical modulators of Hsp70 have proven more elusive. As 

discussed in Chapter 2, the comparatively low intrinsic ATPase activity of Hsp70s 

(less than 0.2 µmole ATP/µmole/min) make low volume, high throughput 

screening methods challenging. In Chapter 2, we developed a sensitive, new 

screening assay that overcomes the weak ATPase activity of Hsp70 [21] and 

used this platform to identify several, first-generation inhibitors and activators. 

The activators included a series of dihydropyrimidines that stimulated ATP 

turnover. The inhibitors included myricetin, zafirlukast, and the phenothiazine, 

methylene blue (MB). In this Chapter, we wanted to use this suite of molecules to 

ask how perturbing the ATPase activity of Hsp70 would impact tau levels. In brief, 

we found that inhibiting Hsp70 led to rapid and dramatic degradation of tau, while 

stimulating Hsp70 led to tau accumulation. To further explore this relationship, 

we studied the mechanism of MB more closely. We found that MB oxidizes two 

cysteines in the stress inducible Hsp70 isoforms, leading to a loss of nucleotide-

binding activity and degradation of tau in cells, brain slices and a mouse model of 

tauopathy. These studies substantially improve our understanding of the link 

between the biochemistry of Hsp70 and tau turnover. Moreover, these studies 

provide more clarity about how Hsp70 could be used as a drug target in 

tauopathy. 
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3.2 Results 

3.2.1 Inhibiting Hsp70 leads to tau degradation, activating Hsp70 leads to 

tau accumulation  

To explore the role of Hsp70 in tau turnover, we treated HeLa cells over-

expressing human P301L tau with chemical activators and inhibitors identified in 

Chapter 2. The inhibitors MB and AC significantly reduced both total tau and 

phosphorylated tau (pTau), while treatment with the activators 115-7c or SW02 

led to accumulation of these species (Figure 3.1A). Quantification of the blots 

showed that the inhibitors decreased total tau levels by up to 85% at 50 µM 

(Figure 3.1B), while stimulating Hsp70 led to an increase of approximately 250-

300% in total tau at 50µM (Figure 3.1B). The inhibitors led to dose-dependent 

tau degradation (Figure 3.1C) and the half-maximal concentrations (~ 10-15 µM) 

matched well with the in vitro activity against Hsp70 (see Chapter 2). When 

inhibitors were combined and analyzed in aggregate, significant reductions in tau 

levels were observed in cells treated with 12.5 µM or more of inhibitor (Figure 

3.1D). This effect was reproducible and robust, with MB and AC (50 µM) 

treatment reducing tau levels in six independent experiments (Figure 3.1E). 

These findings are significant because they suggest, for the first time, that 

inhibiting Hsp70, rather than stimulating this chaperone or increasing its levels, 

could be a therapeutic objective in clearing tau. 

 

We next tested the response of two other disease-associated proteins to gauge 

the selectivity of these inhibitors for tau. We investigated α-synuclein, which is 
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also an unstructured protein, but accumulates in Parkinson’s disease, and we 

investigated TAR-DNA binding protein (TDP-43) that accumulates in a number of 

neurodegenerative diseases and has been identified as a cause for amyolateral 

sclerosis (ALS; [22-24]). We over-expressed both of these proteins in the HeLa 

cell line and treated with Hsp70 modifiers. Neither protein was sensitive to Hsp70 

inhibitors (MB, AC or myricetin), Hsp70 activators (SW02 or 115-7c), or the 

Hsp90 inhibitor, 17-AAG (Figure 3.2). Although the underlying mechanisms are 

not yet clear and more work needs to be done to examine the integrity of the 

entire proteome, these findings suggested that tau is particularly sensitive to 

inhibition of Hsp70’s ATPase activity. Recent work by our collaborator, the 

Dickey laboratory, has suggested that the survival kinase Akt is also sensitive to 

these treatments [25]. 
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3.2.2 AC causes proteasomal degradation of tau 

As discussed in Chapter 1, we expected that tau stability might be linked to 

changes in Hsp70’s nucleotide state and subsequent changes in tau binding 

affinity. Consistent with this idea, addition of a non-hydrolyzable nucleotide 

analog, ATP-S, reduced affinity of Hsp70 for tau in a co-precipitation assay 

(Figure 3.3A). Moreover, co-immunoprecipitation from cells treated with Veh or 

AC +/- the proteasomal inhibitor, epoxomicin, showed that fewer Hsp70/tau 
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complexes were present following AC treatment; however ubiquitination of tau 

was increased (Figures 3.3B & C). This result suggests that AC reduces the 

affinity for tau and leads to its degradation. We also found that epoxomicin 

abrogated AC-mediated tau reductions (Figure 3.3D), suggesting that the loss of 

tau was mediated by the proteasome pathway. However, an alternative model is 

that tau is sequestered into insoluble or aggregated structures in response to 

these treatments [26]. To test this, traditional sarkosyl and SDS extractions of cell 

lysates treated with these compounds were performed, but no changes in 

insoluble tau were observed (Figure 3.4). Thus, while other routes of cellular 

clearance may contribute to tau reductions following Hsp70 inhibition, conversion 

into an insoluble material is not facilitated. Recently, more detail into this 

mechanism was provided by studies from the Duff group, in which they show that 

MB reduces tau levels, in part, through the autophagic pathway [27]. Together, 

these studies suggest that inhibition of Hsp70 leads to dual degradation of tau 

through the ubiquitin-proteasome system (UPS) and the macroautophagy 

pathway. 
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3.2.3 Hsp70 inhibition does not cause stress response. 

Genetic evidence has previously suggested that increasing the expression of 

Hsp70 also leads to CHIP-mediated ubiquitination and degradation of tau [10]. 

However, it has also been shown that Hsp70 over-expression restores tau’s 

association with the microtubules and preserves tau levels [14]. Thus, to explore 

whether changes in tau levels in response to Hsp70 inhibitors are a result of 
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changes in absolute Hsp70 levels, we measured chaperone induction in 

response to inhibitors and activators. Using Western blots against the stress- 

inducible Hsp70, we found that pharmacological manipulation did not increase 

expression levels (Figure 3.5A). In fact, unlike cells treated with the Hsp90 

inhibitor, 17-AAG, Hsp70 levels were actually slightly decreased or unchanged 

following MB and MY treatment after 24 hours,  while expression of other heat 

shock proteins were unchanged relative to control (Figure 3.5B). Moreover, 

knockdown of HSF1 by siRNA did not abrogate the activity of MB or AC (Figure 

3.5C). Together, these results suggest that targeting the ATPase activity of 

Hsp70 controls tau accumulation independent of a global stress response. This is 

an important finding because it suggests that the compound’s effects on tau are 

independent of any change in Hsp70 levels. 

 

3.2.4 Overexpression of Hsp70 enhances the efficacy of Hsp70 inhibitors, 

suggesting that Hsp70 is a major molecular target in cells 

Both MB and MY are known to have many other potential targets and neither of 

these compounds are considered selective for Hsp70. However, we wondered 

whether their specific effects on tau stability might be directly linked to Hsp70 

inhibition. To test this idea, cells were transiently transfected with myc-tagged 

Hsp70 and tau reductions by AC and MB were quantified (Figure 3.6). We found 

that increasing the levels of Hsp70 dramatically enhance the effectiveness of 

both AC and MB (tau levels were reduced 50% by only 12.5 µM inhibitor). 

Interestingly, myc-Hsp70 over-expression alone only minimally affected tau 
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levels (Figure 3.6). When analyzed in aggregate, Hsp70 inhibitors at 

concentrations ≥ 12.5 µM were significantly more effective at clearing tau when 

Hsp70 was over-expressed (Figure 3.7A). These findings suggest that the pool 

of Hsp70 is limiting for tau degradation in this specific model. Moreover, these 

studies suggest cells that express high levels of Hsp70, such as stressed cells, 

might be more sensitive to pharmacologic targeting of Hsp70. To explicitly 

investigate this possibility, we treated cells with celastrol, a compound that has 

previously been reported to robustly induce expression levels of Hsp70 [28]. 

HeLa cells treated for 24 hours with celasterol upregulated their Hsp70 

approximately 2- to 3-fold and these cells became sensitive to normally sub-

effective doses of MB (Figure 3.7B; 1 µM reduced tau levels 25%). Thus, by 
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transiently increasing Hsp70 levels, we appeared to have produced more 

Hsp70/tau complexes that become sensitive to changes in nucleotide turnover.  

 

3.2.5 Hsp70 inhibitors cause rapid reduction of tau levels 

We hypothesized that Hsp70-tau complexes might respond to inhibitors by 

quickly “switching” to a degradation complex, without a requirement for new 

protein synthesis or other delays [29-31]. Indeed, we found that the rate of tau 

reduction in a stably transfected cell line was extremely fast, showing reductions 

within 5 minutes of treatment with MB or AC, consistent with acute enzymatic 
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inhibition and a switch in the Hsp70-directed fate of tau (Figures 3.8A-B). This 
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decline continued and the process reached a new equilibrium at approximately 

60 minutes (Figures 3.8A-B). To test whether this raid and dramatic loss of tau 

was dependent on tau over-expression, we measured endogenous tau levels in 

both human (BE(2)-M17 and SHSY5Y) and murine (Neuro2a) neuroblastoma cell 

lines (Figure 3.8C). In all these systems, significant decreases in tau levels were 

observed after 60 minutes (Figure 3.8D). Moreover, the flavonoid, myricetin (MY), 

also rapidly reduced tau levels, with reductions evident as early as 1 hour 

(Figure 3.8E). Interestingly, tau levels began to rebound after 6 hours, likely 

because of metabolism of the flavonoid [32]. These data suggest a model in 

which the inhibitors directly inhibit Hsp70 activity, leading to rapid degradation of 

tau through the UPS and autophagy pathways. Because of microtubule dynamics, 

tau might be continuously cycling between cytoskeletal and cytoplasmic 

compartments, providing a self-replenishing pool of Hsp70-bound tau in the 

cytoplasm that is sensitive to these inhibitors. 

 

3.2.6 Hsp70 inhibitors reduce the level of tau mutants that are resistant to 

Hsp90 inhibitors 

Because tau dysfunction in AD is believed to be related to hyper-phosphorylation 

(as discussed in Chapter 1), we investigated whether over-expression of two 

kinases that are known to promote tau hyperphosphorylation at distinct residues 

could affect the efficacy of Hsp70 inhibitors. HeLa cells stably over-expressing 

human wildtype tau were transfected with either glycogen synthase kinase 3 

(GSK3) or microtubule affinity regulating kinase 2 (MARK2/Par1) for 24 hours. 
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These cells were then treated with MB, AC or SW02 for 1 hour and harvested. 

Tau phosphorylated at S396/S404 was significantly reduced with the inhibitors, 

regardless of which kinase was over-expressed (Figure 3.9A). Interestingly, in 

cells over-expressing MARK2/Par1, tau phosphorylated at S262/S356 was not 

affected by the inhibitors, consistent with previous data suggesting that this 

phospho-tau species is chaperone resistant [11,20] (Figure 3.9A). Total tau 

levels were also reduced in all cases. SW02 did not increase tau levels following 

the short 1 hour incubation. Next, using three tau mutants that are known to 

cause fronto-temporal dementia with Parkinsonism linked to chromosome 17 

(FTDP-17) or progressive supranuclear palsy (PSP), we investigated whether 

Hsp70 inhibition could facilitate their clearance similar to wildtype tau, also 

drawing a comparison with Hsp90 inhibition. The tau mutants P301L, V337M and 

R406W were all significantly reduced following inhibitor treatment, similar to 

wildtype levels (Figure 3.9B). Treating cells with the Hsp90 inhibitor, 17-AAG, 

caused similar reductions in wt and P301L tau after 24 hours; however V337M 

and R406W tau were less efficiently cleared (Figure 3.9B). When all 4 tau 

variants were analyzed in aggregate, only Hsp70 inhibition significantly reduced 

tau levels (Figure 3.9B). These findings confirm a difference in the mode-of-

action of Hsp90 and Hsp70 inhibitors and they suggest that some tau mutants 

might be handled by distinct components of the chaperone system. More work is 

needed to understand which of these interactions is direct and how the Hsp70-

Hsp90 system might select specific tau isoforms. 
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3.2.7 Hsp70 inhibitors reduce tau levels in a mouse model of AD 

Fortunately, some of the Hsp70 inhibitors (MB and AC) we identified have well-

characterized pharmacological characteristics (e.g. stability, lifetime), which we 

reasoned could facilitate their use in disease models. To take advantage of this 

property and further explore the potential of Hsp70 as a therapeutic target, we 
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investigated the impact of MB and AC on tau levels in organotypic brain slices 

from mice engineered to express mutant human tau (rTg4510) and age-matched 

wild type littermates. In both tissue types, tau levels were significantly reduced 

following three hours of treatment with either MB or AC (50µM; Figure3.10A). 

Dramatic reductions in one pTau isoform linked to Alzheimer’s disease, 

pS396/S404, were also evident in the rTg4510 model. Thus, non-dividing 

neurons also realized rapid reductions in tau following Hsp70 inhibition. We then 

directly injected AC (2 µL of 10 mM) or saline into the hippocampi of eight 4 

month-old rTg4510 mice and harvested these animals 24 hours after surgery. 

Remarkably, these studies revealed that AC significantly and uniformly reduced 

soluble tau and pS396/S404 tau levels in the hippocampus (Figure 3.10B). More 

recently, other members of the Gestwicki laboratory, in collaboration with the 

Dickey group (U. South Florida) found that oral delivery of MB to Tg4510 mice 

leads to excellent CNS exposure and ~30% reductions in soluble tau levels in the 

brain. Interestingly, these animals also had significantly improved performance in 

tests of cognitive learning and memory [33]. Together, these studies show that 

inhibitors of Hsp70 potently stimulate clearance of both normal and abnormal tau 

in brain tissue. 

 

3.2.8 MB and H2O2 irreversibly inhibit Hsp72 but not Hsc70 

MB has been used for the treatment of various human diseases and has a 

proven record of safety [34]. Thus, MB might be an especially attractive lead for 

drug discovery in tauopathies. For these reasons, we decided to further explore 
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the mechanism by which it inactivates Hsp70. Because MB has been known to 

directly oxidize sulfhydryls [35], we hypothesized that inhibition of Hsp70’s 

ATPase activity by MB (see Chapter 2) may involve oxidation of cysteines. To 

test this idea, we treated Hsp72 with MB (200 µM) at 37 oC for 1 hour and then 

removed any remaining compound by extensive dialysis. We measured the 

remaining ATPase activity in the MB-treated Hsp72 using a malachite green 

assay [21]. Because Hsp72 is a weak ATPase, we added the stimulatory co-

chaperone, DnaJ, to enhance nucleotide turnover in these experiments. Using 
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this approach, we found that MB-treated Hsp72 had dramatically reduced 

ATPase activity even after MB had been removed (Figure 3.11A). As an initial 

test of whether this reduced activity was related to oxidation, we treated Hsp72 

with hydrogen peroxide (100 µM) under similar conditions and found that Hsp72 

was also inhibited by this treatment (Figure 3.11A). Cysteine residues in proteins 

can be progressively oxidized to sulfenic, sulfinic and then sulfonic acids [36]. 

Sulfenic acids, but not the other forms, are known to be readily reversible by 

glutathione and DTT [37]. We found that the ATPase activity of MB-treated 

Hsp72 was not fully recovered after exposure to DTT (1 mM) (Appendix 3.5.1). 

Thus, these results suggested that redox active compounds, such as MB, 

inactivate the ATPase activity of Hsp72 by irreversibly oxidizing the protein. 

 

Initially as a control, we then tested the effects of MB on the ATPase activity of 

Hsc70. Unexpectedly, we found that MB had no effect on Hsc70 (Figure 3.11B). 

This result prompted us to more closely examine the chemical differences 

between these two well-conserved (85% identical and 94% similar) Hsp70 

isoforms. Sequence alignments of the human proteins showed that Hsp72 has 

five cysteine residues (three in the NBD and two in the SBD) whereas Hsc70 has 

only four (two each in the NBD and SBD). Thus, one difference between these 

isoforms is that Hsp72 has a unique Cys306, which is an asparagine in Hsc70 

(Figure 3.11C). To probe whether this sequence difference may be important, 

we examined the other human stress-inducible and constitutive Hsp70 isoforms. 

This sequence analysis revealed that Cys306 is exclusively found in stress 
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inducible cytosolic Hsp70 isoforms but not in constitutively expressed family 

members (Appendix 3.5.2A). Together, these results suggest that MB may 

oxidize at least one cysteine in Hsp72, but not Hsc70, which might selectively 

compromise ATPase activity.   

 

3.2.9 MB oxidizes Cys306 of Hsp72 

To map which cysteines in Hsp72 were oxidized by MB, we employed a well-

established mass spectrometry (MS) method using dimedone (5,5-dimethyl-1,3-

cyclohexanedione). Briefly, dimedone is known to react with oxidized cysteines to 

form stable thioethers that are readily observed in the MS spectra (Figure 3. 

12A). Accordingly, MB-treated Hsp72 was treated with dimedone and, after 

capping unreacted thiols with carbamidomethyl groups, we performed trypsin 

digestions and analyzed the resulting samples by LC-tandem MS/MS. These 
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experiments revealed that the mass of the fragment containing Cys306 in Hsp72 

was increased by 138 Da, corresponding to the addition of a dimedone (Figure 3. 

12B). None of the other cysteines or other residues were modified, although it is 

important to note that the fragment containing Cys267 was not detected (likely 

because the nearby region is highly charged). Next, we treated Hsc70 with MB 

and, as expected from the ATPase experiments, found that it was resistant to 

dimedone (Appendix 3.5.2B). Thus, Hsp72 differs from Hsc70 in reactivity of its 

cysteines at positions 306 and perhaps 267. 

 

3.2.10 Hsp72 Cys to Ser mutations confer resistance to MB 

The mass spectrometry studies suggested that MB-based oxidation of specific 

cysteines might be responsible for the compound’s effects on Hsp72’s ATPase 

activity. To test this idea, we mutated Cys306, Cys267 or both residues to serine 

by site-directed mutagenesis and purified the resulting mutant proteins. None of 

these substitutions had a significant effect on the global structure (Appendix 

3.5.3) or ATPase activity of the chaperones (Figures 3.13A-C). Next we treated 

with MB and found that the ATPase activities of C267S (Figure 3.13A) and 

C306S (Figure 3.13B) were partially resistant to compound, while the double 

mutant (C267/306S) was completely immune (Figure 3.13C). Thus, MB 

appeared to exert its inhibitory effect on Hsp72 ATPase activity via oxidation of 

these cysteines and both residues appeared to be involved. 

 

As discussed above, MB reduces tau levels in HeLa cells in a process that is 
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dependent on Hsp72 [38]. Thus, we hypothesized that over-expression of the 

C306S, C267S and C267/306S mutants may de-sensitize cells to MB. In fact, 

when HeLaC3 cells were stably transfected with Hsp72 C306S, we found that 

MB no longer reduced the levels of phosphorylated (pS396/404) or total tau 

(Figure 3.13D). Together, these results strongly suggest that MB acts on Hsp72 

by oxidizing Cys267 and Cys306, and that this activity is important in regulating 

the levels of Hsp72 substrates, such as tau. 

 

3.2.11 C267D mutation causes a conformational change and disrupts 
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nucleotide binding 

We next wanted to understand the structural basis for the sensitivity of Hsp72 to 

redox stress. Accordingly, we modeled the NBD of Hsp72 containing a C267D 

mutation using Robetta [39], based on the structure of human Hsp72 NBD in the 

ADP form (3JXU) [40]. We used an aspartic acid substitution because it is 

considered to sterically and electronically mimic oxidized cysteines [41]. A 

comparison of the structures of the wild type Hsp72 NBD and the C267D Hsp72 
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NBD showed that they were globally very similar, with an RMSD of 1.55Å and a 

TM-score of 0.94 (Figure 3.14A). However, several residues that are specifically 

involved in nucleotide binding were significantly shifted. For example, Gly339, 
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which makes a hydrogen bond interaction with the alpha phosphate group of 

ADP, was shifted away from the nucleotide by 1.0 Å, likely preventing the 

formation of this important bond (Figure 3.14B). Further, Arg272, which interacts 

with the adenine ring by pi-stacking, is significantly pulled away by regional 

rotations in the backbone (Figure 3.14C). Collectively, these changes and others 

(Appendix 3.5.4) resulted in side chain displacements totaling more than 25Å in 

the nucleotide binding cleft. Very similar results were seen with the C306D 

mutant, suggesting that these residues both contribute to conformational 

rearrangements (Figure 3.15A). Moreover, oxidation of C306 causes C267 to 

become significantly more solvent exposed (Figure 3.15B), perhaps making it 

more accessible to oxidation by MB. Together, these in silico observations 

suggest that oxidation of Cys267 and Cys306 in Hsp72 might damage nucleotide 

binding and inactivate ATP turnover. Further, these results suggest that 

sequential oxidation of C306 and then C267 may reinforce and promote these 

conformational changes (Figure 3.15C). 

 

3.2.12 Cys to Asp mutations “phenocopies” MB treatment in vitro and in 

cells 

To test this model, we mutated Cys267 and Cys306 of Hsp72 into Asp and 

purified the resulting mutant proteins to study effects of pseudo-oxidation. Initial 

attempts to purify the mutants on ATP agarose immediately revealed that they 

had significantly reduced affinity for nucleotide (Appendix 3.5.5A), consistent 

with the modeled structure. Switching to size exclusion, we were able to purify 
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the mutants and show that they had normal circular dichroism (CD) spectra 

(Appendix 3.5.5B), suggesting that the global structure was not significantly 

disrupted. Finally, we analyzed them by partial proteolysis and found that they 

were more prone to digestion (Appendix 3.5.5C), suggesting that they are more 

flexible. Interestingly, MB treatment of wild type Hsp72 also was more prone to 

proteolysis (Appendix 3.5.5C), further enforcing the similarities between the Asp 

point mutants and oxidized wild type. 

 

Next, we explored the enzymatic activity of these pseudo-oxidation mutants. In 

ATPase assays, we found that the C267D and C306D mutants had dramatically 

decreased enzymatic activity (Figure 3.16A), essentially behaving like Hsp72 

that had been treated with MB. Next, we wanted to see if the point mutants would 

“phenocopy” MB treatment when over-expressed in cells. In HeLaC3 cells, we 

found that mutating only one of the residues, such as C306D, produced modest 
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reductions in total tau levels and no significant effect on phosphorylated tau 

(Figure 3.16B). However, when we generated the double mutant (C267/306D), 

we found that its over-expression substantially reduced tau levels (Figure 3.16B). 

In contrast, over-expression of wild type Hsp72 had no effect on tau levels. 

Together, these findings provide strong support for MB acting through oxidation 

of specific cysteine residues in Hsp72 to reduce tau levels. More broadly, these 

studies provide a dramatic difference between Hsp72 and Hsc70 in redox 

sensitivity.  

 

3.3 Discussion 

3.3.1 Chemical modulators of Hsp70 provide insight into chaperone-

mediated regulation of tau turnover 

Based on a growing body of evidence demonstrating a role for Hsp70 in 

modulating the stability of tau in AD, a major goal of this Chapter was to 

chemically modulate the ATPase activity of Hsp70 activity in order to its 

relationship with tau stability. We found that inhibiting Hsp70 activity dramatically 

reduced tau levels, while activating it preserved tau levels in the cell. In 

tauopathies, where the accumulation of tau is gradual over time, a rapid increase 

in Hsp70 levels would likely lead to a reduction in tau levels simply based on 

stoichiometric principles; more Hsp70 is available to bind tau, decide tau’s fate, 

and facilitate its retention or clearance. Even if a small fraction of tau is cleared 

by Hsp70 normally, increasing Hsp70 expression will lead to a perceived 

reduction in tau simply due to the increased number of Hsp70/tau complexes. 
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Using new ATPase inhibitors, we impacted nucleotide turnover independent of 

Hsp70 protein levels. More specifically, inhibiting ATPase activity was sufficient 

to trigger tau turnover. Additionally, increasing the protein levels of Hsp70, either 

by genetic or pharmacologic methods, worked synergistically with Hsp70 ATPase 

inhibitors. These findings provide an interesting and somewhat unexpected 

model in which inhibition of Hsp70 could lead to preferential tau degradation in 

diseased systems that are over-loaded with tau. 

 

3.3.2 Hsp70 inhibitors, unlike Hsp90 inhibitors, do not activate a stress 

response 

Although Hsp90 inhibitors have been studied more extensively, there is a major 

concern with therapeutic application of these agents because they induce 

expression of other heat shock proteins. This is due to the role of Hsp90 as a 

repressor of HSF1 (heat shock factor 1), the major transcription factor for heat 

shock proteins [42,43]. Certainly this outcome can be viewed as either a multi-

pronged attack or a double-edged sword. HSF1 activation has been shown to 

have positive consequences in some models of neurodegenerative disease; 

however, chronic up-regulation of heat shock proteins is likely deleterious. In this 

work, we found that Hsp70 inhibitors did not elevate chaperone expression and 

that their activity is not HSF dependent. Because Hsp70 has been proposed to 

be part of the HSF1 repression complex [44], it isn’t clear why the inhibitors do 

not activate a heat shock response. One compelling reason might be that these 

inhibitors have rather specific effects on particularly sensitive Hsp70 substrates, 
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such as tau and Akt [25]. HSF1 might not be one of the most sensitive Hsp70 

substrates and, therefore, be immune to these allosteric inhibitors. In Chapter 5, 

we will discuss some of the next steps that will be required for understanding the 

logic of Hsp70 substrate selection. 

 

3.3.3 Mechanism by which MB inhibits Hsp70 

Interestingly, one of the inhibitors that we identified in Chapter 2, MB, is non-toxic 

and widely used in humans for other indications, including inherited and acute 

methemoglobinemia, prevention of urinary tract infections, ifosfamid-induced 

neurotoxicity, vasoplegic adrenaline resistant shock and pediatric malaria [34]. 

Further, it has been explored in Phase IIb clinical trials in AD patients [45]. 

Because of these favorable properties, we decided to further investigate how MB 

might inhibit Hsp70. Our goal in that process was to gain further molecular detail 

into why inhibition of Hsp70 leads to degradation of tau. We considered it 

important to understand this mechanism to enable future translational 

opportunities.  

 

Using mass spectrometry and genetic methods, we found that MB oxidizes 

Cys267 and Cys306 of stress inducible Hsp72 and irreversibly inhibits its 

ATPase activity. Importantly, treatment with MB had no effect on the 

constitutively expressed Hsc70. Using structural predictions, we developed a 

model in which oxidation of the unique Cys306 leads to increased exposure of 

Cys267 to oxidation and that both oxidation events contribute to loss of ATPase 
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activity. Oxidation of these residues did not cause global changes in structure; 

rather, they subtly shifted residues involved in nucleotide binding (see Figure 

3.14). Consistent with this model, pseudo-oxidation point mutants, C267D and 

C306D, lacked the ability to bind ATP in vitro (see Appendix 3.5.5). We noted 

that Hsc70 contains the Cys267 residue, but it lacks the Cys306 residue and it 

was resistant to oxidation, further suggesting that oxidation of Cys306 might 

serve as the critical, initial sensor. Cys306 is solvent exposed in Hsp72 and, thus, 

would be predicted to be available for oxidation by MB or other redox stressors. 

Together, these findings suggest that Hsp72, and possibly other stress-inducible 

Hsp70 family members, are involved in sensing and responding to redox stress. 

Although we did not set out to understand differences between Hsp72 and Hsc70, 

these fortuitous findings may have important implications in tauopathy and 

development of new treatments because they point to a particularly strong 

connection between the stress-inducible Hsp70 isoforms with tau turnover. 

Because disruption of redox homeostasis is important in AD [46], these findings 

could also have implications on disease progression. 

 

Treatments with high levels of MB are both well tolerated in cells and, moreover, 

MB is relatively safe in humans. On first glance, the global inactivation of Hsp72 

might be hypothesized to be acutely and dramatically toxic, given the proposed 

roles of this chaperone in “housekeeping” activities. However, another point of 

view is that Hsp72 is specifically concerned with degrading only the substrates 

that have been damaged or misfolded [47], protecting the cytosol from the 
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accumulation of proteotoxic intermediates. In normal cells, the levels of such 

substrates may be low due to the action of other components of the protein 

quality controls system. However, tau is an abundant and intrinsically disordered 

protein [48], and thus might serve as a particularly good Hsp72 substrate. 

Additional work is needed to fully understand the basis for this dichotomy, but the 

empirical evidence currently suggests that some types of inhibition of Hsp70s are 

well tolerated in normal cells [49]. An important advantage of these Hsp70 

inhibitors over well studied Hsp90 inhibitors is the fact that they do not cause 

heat shock response. This also contributes to maintaining global proteome and 

allows avoiding potential complications. Together, these findings provide one 

potential mechanism by which MB has activity in tau-related diseases, such as 

AD, with toxicity that is lower than might be expected.  

 

3.3.4 Conclusion 

In conclusion, Hsp70 is a central component of the protein folding and triage 

machinery, yet the mechanisms it employs to control the fates of its substrates 

are not clear. Here, we used a battery of chemical modulators for Hsp70 

(discovered in Chapter 2) to perturb the activity of Hsp70 and examine the 

consequences on tau processing. Based on these studies, we propose a model 

in which acute inhibition of Hsp70 might be beneficial by triggering rapid, UPS-

mediated clearance of tau. Moreover, using MB as a chemical tool, we revealed 

that Hsp72 is specifically responsive to oxidative stress and oxidation of two 

sensitive cysteines inhibits ATP turnover, causing a dramatic decrease in tau 
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levels. Together, these results clarify the roles of endogenous Hsp70 in tau 

processing and suggest a promising therapeutic strategy. 

 

3.4 Materials and Methods 

3.4.1 Reagents, cell lines and general methods. 

Methylene blue, Azure C, thionin and myricetin were purchased from Sigma. The 

dihydropyrimidines 115-7c and SW02 were synthesized as described [50]. 

Epoxomicin and 17-AAG were acquired from A.G. Scientific. All clones were in 

the pcDNA3.1 vector for tau stability assays. SiRNAs (Qiagen) were transfected 

at 20 nM. All antibodies were diluted in 5% NFDM in TBST at 1:1000 with the 

exception of pS396/S404 tau, which was used at 1:100. Where pTau is indicated, 

pS396/S404 was the antibody used. PHF1 (pS396/S404 tau) was provided by Dr. 

Peter Davies. 12E8 (pS262/S356 tau) was provided by Dr. Peter Seubert. The 

following antibodies were purchased from the company indicated in parentheses; 

α-synuclein (Cell Signaling), TDP43 (Protein Tech), Hsp70 and HSF1 (Assay 

Designs), HA (Roche), Actin (Sigma Aldrich), Hsp40 (BD Transduction Labs), 

Hsp27, total tau (Santacruz Biotech), total Akt (Cell Signaling) and GAPDH 

(BioDesign). All cell lines were obtained from ATCC and maintained according to 

ATCC guidelines. Stably transfected HeLa cells over-expressing wildtype 4R0N 

human tau were generated by clonal selection with G418 (Invitrogen).  

Human Hsp72, Hsc70 and E. coli DnaJ were purified according to published 

schemes [51]. Site directed mutagenesis primers were designed based on 

previous reports (45) and mutagenesis of Hsp72 was carried out following the 
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user manual for the QuickChange site-directed mutagenesis kit (Stratagene, La 

Jolla, CA). The Hsp72 C267S, C306S and C267/306S mutants were expressed 

and purified using the same protocol as Hsp72 [51]. The Hsp72 C267D and 

C306D mutants were expressed as previously described [51] and purified using 

nickel-nitrilotriacetic acid His·Bind® resin (Novagen, Darmstadt, Germany), then 

buffer exchanged into a 25mM HEPES buffer (10mM KCl, 5mM MgCl2 pH 7.5).  

 

3.4.2 Measurements of tau levels in cell culture.  

Cells were transfected as previously described [11,13,20]. Cell lysates and 

immunoprecipitates were analyzed by Western blots [20]. Briefly, cells were 

harvested in either Tris/NaCl buffer containing protease and phosphatase 

inhibitor cocktails (for co-IP) with sonication or in MPER buffer (Pierce) 

containing protease and phosphatase inhibitor cocktails without sonication. For 

sarkosyl- and SDS-insoluble protein analysis, 2 mgs of total protein were pre-

cleared at 14,000 xg for 15 minutes (crude lysates) and soluble (S1) tau 

consisted of the supernatant from a 15 minute 60,000 xg spin. Pellets from the 

S1 spin were resuspended in a TBS/sucrose buffer with PMSF [12] and these 

pellets were incubated with either 1% sarkosyl or 2% SDS for 1 hour at 37 °C. 

Soluble and insoluble materials were analyzed by Western blot as previously 

described [20]. 

 

3.4.3 Tau and Hsp70 interaction in the presence of ATP-S.  

HEK cells transfected with wildtype Hsp70 were lysed in assay buffer (0.017% 
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Triton X-100, 100mM Tris-HCL, 20mM KCl and 6 mM MgCl2, pH 7.4), with 15 

strokes of a Dounce Homogenizer B. Cell lysates was supplemented with 0.5 µg 

purified recombinant His-tagged human 4R Tau and treated with and without 0.5 

mM ATP-S in 500µl total volume for 30 minutes at 37°C with gentle rocking. 20 

µl of samples were removed for whole lysate measures. 20µl of Ni-NT Aagarose 

(Qiagen) were added for pull down co-precipitation of His-tagged tau/Hsp70 

complexes. Samples were analyzed by western blot. 

 

3.4.4 Measurements of tau levels in brain slices and transgenic animals.  

Brain slices were prepared from 4 month old rTg4510 mice and wild type (NonTg) 

littermates as previously described [52] and treated with MB and AC. Briefly, 

mice were decapitated and brains were removed and dropped in ice-cold cutting 

solution. Brains were cut mid-saggittaly and were sectioned horizontally in ice-

cold, oxygenated cutting solution at 400 m. Sections were immediately 

transferred to 50:50 (cutting solution: artificial cerebrospinal fluid, ACSF) at 27C 

for 10 minutes and then equilibrated in ACSF at 37C for 30 minutes. Sections 

were then transferred to warm, oxygenated ACSF containing drugs and 

incubated for 3 hours at 37C. Tissues were mechanically homogenized and 

analyzed by Western. Stereotaxic injections of AC or vehicle into eight rTg4510 

mice were performed as previously described [53]. Briefly, bilateral hippocampal 

injections of 2 µL of either a 10 mM solution of AC in 0.9% saline or 0.9% saline 

only were performed using a stereotaxic rig and a 10 µL Hamilton syringe. Mice 

were killed 24 hours after injection and brains were harvested and analyzed by 
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Western blot. 

 

3.4.5 LDH Assay.   

Cells for assay were plated in designated media. Drug treatments were made in 

fresh Opti-MEM media. Media was collected and centrifuged to pellet dead cells.  

Supernatant was then added to 96-well plate in triplicate along with reagents 

from Cytotox96 kit (Promega) following the supplied protocol. 

 

3.4.6 Oxidation of Hsp72/Hsc70 

Protein (10 M) and MB (5 mM) were incubated at 37 °C for 1 hour. For H2O2 

oxidation, protein sample (10 M) was incubated with 1 mM H2O2 at 37 °C for 1 

hour. Treated protein samples were subsequently dialyzed against buffer A (100 

mM Tris-HCl, pH 7.4, 20 mM KCl, 6 mM MgCl2) at 4oC.  

 

3.4.7 ATPase activity 

ATPase activity was measured according to the previously published method [21]. 

 

3.4.8 Preparation of dimedone-modified Hsp72 

MB-treated or untreated Hsp72 (10 M) was incubated with 5 mM dimedone 

(5,5-dimethyl-1,3-cyclohexanedione) in buffer A at room temperature for 1 hour. 

The samples were analyzed by SDS-PAGE and stained with colloidal Coomassie 

blue (Invitrogen, Carlsbad, CA). Bands corresponding to Hsp72 were excised 

and stored at -20 °C until use.  
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3.4.9 Mass spectrometry  

In-gel digestion was performed as previously described[54]. After reduction (10 

mM DTT) and alklylation (65 mM iodoacetamide) of the free cysteines at room 

temperature for 30 minutes, proteins were digested overnight with trypsin 

(Promega). Resulting peptides were resolved on a nano-capillary reverse phase 

column (Picofritcolumn, New Objective) using a 1% acetic acid/acetonitrile 

gradient at 300 nL/min and subjected to LC-tandem MS using LTQ Orbitrap XL 

mass spectrometer. 

MS/MS spectra were searched against the database considering either 

carbamidomethyl- or dimedone-modified cysteine. 

 

3.4.10 Modeling of Hsp72 C267D 

Hsp72 C267D was modeled using the Robetta server with the Hsp72 NBD pdb 

entry 3JXU as a template. Model and structure were aligned using PyMol (The 

PyMOL Molecular Graphics System, Version 1.4.1, Schrödinger, LLC). RMSD 

and TM-score were calculated using TM-align. Images and atomic distances 

were calculated using PyMol. 

 

Notes 

This work was partially published as “Chemical manipulation of Hsp70 ATPase 

activity regulates tau stability” Jinwal, U.K., Miyata, Y., Koren, J.III., Jones, J.R., 

Trotter, J.H., Chang, L., O’Leary, J.O., Morgan, D., Lee, D., Shults, C.L., Rousaki, 

A., Weeber, E.J., Zuiderweg, E.R.P., Gestwicki, J.E. and Dickey, C.A. (2009) J. 
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Neurosci, 29 (39); 12079-12088 and “Cystein reactivity distinguishes redox 

signaling by the heat inducible and constitutive forms of Hsp70”  Miyata, Y., 

Rauch, J.N., Jinwal, U.K., Thompson, A.D., Srinivasan, S., Dickey, C.A. and 

Gestwicki, J.E. Chem. Biol. (in press) 
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3.5 Appendices 

3.5.1 MB-mediated oxidation of Hsp72 is irreversible. 
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3.5.2 Stress inducible, but not constitutive forms of the Hsp70 family 

contain a unique, reactive cysteine at position 306. 
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3.5.3 CD spectra of Hsp72 serine point mutants. 
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3.5.4 Hydrogen bond and hydrophobic interactions are lost in Hsp72 C267D 

modeled structure. 
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3.5.5 C267D and C306D mutants have impaired ATP binding and are more 

flexible. 
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Chapter 4 

 

Exploring MKT-077 as a Scaffold for Hsp70 Modulators 

 

 

4.1 Abstract 

As discussed in previous chapters, we have identified chemical modulators of 

Hsp70 by high throughput screens and used them as tools to study the role of 

Hsp70 in regulating client stability such as tau. To supplement these ongoing 

screening efforts, we also wanted to characterize the mechanism of previously 

known, but under-explored, Hsp70 modulators. In this Chapter, we demonstrated 

by NMR that an anti-cancer compound MKT-077 binds the NBD of Hsp70 at a 

site immediately below the nucleotide-binding region. Strikingly, the compound 

only bound in the presence of ADP but not ATP, establishing itself as an 

allosteric modulator. Biochemical studies revealed that MKT-077 stabilizes 

Hsp70 in an ADP-bound-like conformation, blocks J-protein-mediated stimulation 

of ATPase activity and increases Hsp70’s affinity for substrates. All of these 

activities are reminiscent of an Hsp70 co-chaperone Hip (Hsp70 Interacting 

Protein). This observation led us to further investigate the effects of Hip 

overexpression and treatment with MKT-077 analogues in model systems. In cell 
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based assays, MKT-077 and its analogs reduced tau levels as seen for other 

Hsp70 inhibitors (see Chapter 3). We found that both Hip and a close analogue 

of MKT-077, YM1, promote ubiquitination and clearance of polyglutamine-

expanded androgen receptor (polyQ-AR) in models of spinal and bulbar 

muscular atrophy (SBMA). Together, these studies further support a model in 

which the tight-affinity Hsp70 structure favors degradation of Hsp70-bound 

substrates. Encouraged by these promising results, we set out to optimize the 

compound as a possible therapeutic agent for tauopathy. Preliminary 

pharmacokinetic studies revealed that YM1 does not cross the blood brain barrier 

while a neutral analog, YM8, accumulates in brain. Accordingly, we synthesized 

a library of neutral derivatives and explored structure activity relationships (SAR). 

We found that fluorine and chlorine substitutions on the benzothiazole moiety 

increase affinity for Hsp70 as well as activity to reduce tau in HeLa cells. These 

preliminary data suggest neutral MKT-077 derivatives might have a potential to 

be drug leads for the treatment of tauopathy. 

 

4.1.1 MKT-077 as a candidate Hsp70 inhibitor 

As discussed throughout this dissertation, 

Hsp70 family proteins are becoming 

recognized as having multiple “druggable” 

sites. These sites include the ATP binding 

site, substrate binding sites and other 

allosteric modulators (reviewed in [1,2]). 
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Thus far in this thesis, we have focused on using screening approaches to 

identify new Hsp70 inhibitors and activators.  

To supplement these unbiased screening studies, we reviewed the literature for 

additional compounds known to interact with Hsp70 and decided to explore a 

rhodacyanine dye MKT-077 (Figure 4.1) because its mechanism was not known. 

MKT-077 was originally developed as anti-cancer agent, with an IC50 of 0.35 – 

1.2 M against several cancer cell lines and high selectivity toward tumor cells [3]. 

This selectivity is attributed to the compound’s accumulation in mitochondria and 

its mitochondrial toxicity [3,4]. Because of these favorable properties, MKT-077 

was evaluated in a Phase I trial for solid tumors but the study was discontinued 

due to renal toxicity [5]. While its cellular target was not known at the time of the 

clinical studies, it was later found to bind Hsp70 isoforms including the 

consitutively expressed Hsc70 and the mitochondrial resident mtHsp70 [6,7]. 

However, very little was known about its binding site or the mechanism by which 

it might impact Hsp70 function. 

 

4.2 Results 

4.2.1 MKT-077 binds Hsc70 NBD with 1:1 stoichiometry 

Our first objective was to identify the binding site of MKT-077 on Hsc70. Previous 

pull-down studies had suggested that MKT-077 might bind in the nucleotide-

binding domain (NBD) of mtHSP70 [6]. Based on our recent successes with 

NMR-based approaches to identify binding sites of Hsp70 modulators in the NBD 

[8-10], we used the 15N-1H transverse relaxation optimized spectroscopy 
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(TROSY) spectrum of Hsc70 NBD in the ADP state to identify the binding site of 

MKT-077 (Appendix 4.5.1). A select number of resonances show gradual 

chemical shift changes upon addition of MKT-077 up to a molar ratio of 1:1 

(Appendix 4.5.2 and Figure 4.2). 

 

4.2.2 MKT-077 binds ADP-state of Hsc70 NBD 

Based on these studies, the binding site of MKT-077 appeared to be in an 

otherwise unoccupied negatively charged pocket located on the interface of 

subdomains IA and IIA in the ADP-bound state (Figures 4.3A&B). As discussed 
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in Chapter 1, Hsp70s are allosteric proteins, which show global conformational 

and dynamical changes on the NBD between the ADP and ATP state [11,12].  

Hence, we wondered if MKT-077 would also bind to the ATP-state of the NBD. 

To test this idea, we titrated MKT-077 into NBD loaded with AMP-PNP or ATP 

and found that binding was lost (Figures 4.3C&D). Thus, MKT-077 only binds 

the ADP-bound state and not the ATP-bound state. Finally, we also monitored 
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MKT-077 binding to Hsc70 NBD in the apo state. Although a lack of assignments 

prevented definitive interpretations, MKT-077 appeared to bind to the apo-state.  

 

 4.2.3 MKT-077 binds Hsc70 NBD with a KD in the low micromolar  

The MKT-077-induced changes to the spectrum of Hsc70 NBD in the ADP state 

are in the fast-exchange limit (see Figure 4.2), with little or no line broadening. 

The largest shifts in the spectrum are approximately 20 Hz, which sets a lower 

limit of 100 s-1 for MKT-077’s off-rate (KD > 1 M, when assuming an upper limit 

on the diffusion-controlled 

on-rate of 108 M-1s-1). 

Further, the shifts are linear 

over the titration interval and 

saturate abruptly at 

equivalence (Figure 4.4), 

compatible with a KD < 10 

M.  Together, these 

observations suggest that 

the affinity of MKT-077 for 

Hsc70 is between 1 and 10 M.   

 

4.2.4 AUTODOCK simulations suggest how MKT-077 binds Hsc70 

The TROSY studies strongly suggested a binding site immediately below the 

nucleotide in the NBD. Guided by these chemical shifts, our collaborator, Prof. 
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Zuiderweg used AUTODOCK [13] and the crystal structure of Hsc70 NBD in 

complex with Hsp110 (3C7N) to obtain insight into the MKT-077 binding 

orientation (see Appendix 4.5.3). The selection of this particular Hsp70–NEF 

complex (there are five different complexes in the Protein Data Bank (PDB)) is 

based on the fact that it is the only one that contains ADP. The crystal 

coordinates of the NBD were minimized, equilibrated, and relaxed to 300 K using 

an AMBER 1175 MD protocol (see Materials and Methods). The coordinates and 

degrees of freedom for MKT-077 were optimized and determined from quantum 

mechanical calculations. 

Prof. Zuiderweg next used an AUTODOCK search box localized around the 

NMR-determined MKT-077-binding site (Figures 4.5A&B). These studies 

yielded a variety of possible binding poses, with energies ranging between 4 and 

7 kcal/mol. After culling those docking orientations to remove those with MKT-

077 contacting positive residues, four possible families were identified (Figure 
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4.6A-D). 

 

4.2.5 The MKT-077 binding site is conserved in Hsp70 isoforms. 

All docked families are in close contact with the residues that show chemical shift 

perturbations, such as Glu175 and Asp206, which reside deep within the pocket 

and contribute to the negative electrostatic potential of the region. These 

residues, as well as the other residues that are in contact with MKT-077, are 
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100% conserved among the 13 human Hsp70 isoforms (gene name: HSPA) (see 

Appendix 4.5.4). Hence, it is more than likely that MKT-077 also binds at this 

site in the mitochondrial protein mtHsp70 (mortalin; HSPA9), which was earlier 

identified as a target [6,14]. 

 

4.2.6 Analysis of the MKT-077 binding site.   

In the AUTODOCK family depicted in Figure 4.6A, the positive pyridinium ring is 

reaching into the pocket to contact Glu175 and Asp206. In the family depicted in 

Figure 4.6B, partial contact occurs. In the other families, the positive pyridinium 

ring is solvent-exposed. In the family depicted in Figure 4.6D, it is in contact with 

Asp225, which lines the rim of the pocket (at 2 o'clock in Figure 4.6D). Prior to 

starting additional medicinal chemistry, we wanted to further analyze these 

different AUTODOCK poses using the MMGB/PBSA solvation/desolvation 

computational protocol to determine the “best” conformation. Briefly, equilibrated 

250-ps MD runs for the complexes shown in Figure 4.6 were obtained using 

AMBER 11. We then used the generalized Born/Poisson Boltzmann protocol to 

estimate the solvation enthalpy of ligand, protein, and complex (MMGB/PBSA). 

These calculations demonstrated that subfamily shown in Figure 4.6D has the 

best score. In this pose, the benzothiazole ring of MKT-077 is inserted into the 

deep pocket composed of Pro176, Glu175, Tyr149, Ala148 and other residues 

(Figure 4.7), and the pyridinium moiety is solvent exposed. This orientation is 

consistent with experimental evidence in the literature; MKT-077 derivatives with 

larger polyaromatics in place of the pyridinium moiety are equally or more potent 
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[15]. In addition, through derivatization of the pyridinium moiety, MKT-077 could 

be covalently linked to Sepharose and used to bind to mtHsp70 [6,16]. 

Importantly, this binding site and docking pose are consistent with the NMR data 

(see Appendix 4.5.5). Together, these NMR and docking studies provide the first 

glimpse into where and how MKT-077 binds to Hsp70s in vitro.  

 

4.2.7 MKT-077 inhibits ATPase activity and stabilizes ADP-like 

conformation 

Our next major question was focused on understanding the mechanism by which 

MKT-077 would impact Hsp70 function. Because other chemical modulators of 

Hsp70 either stimulate or inhibit its ATPase activity (Chapters 2 and 3), we first 

tested MKT-077 in an ATPase assay. As shown in Figure 4.8, MKT-077 slightly 

inhibited J-protein-stimulated ATPase activity of yeast Hsp70, Ssa1p, suggesting 

that binding of the compound allosterically blocks the interaction between Hsp70 

and J-proteins. This activity is similar to what we found with other Hsp70 
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inhibitors, such as MB and myricetin (see Chapters 2 and 3). 

 

The evidence shown in Figure 4.3 strongly suggests that MKT-077 binds 

preferentially to the ADP- and not the ATP-bound state of Hsc70. To test whether 

this compound could 

stabilize the ADP-like 

conformation, we 

performed partial 

proteolysis 

experiments. It has 

been previously shown 

that trypsin treatment 

of human Hsc70 yields 

digestion patterns 

diagnostic of the 

chaperone’s 

nucleotide state [17]. 
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Consistent with those reports, we confirmed that Hsc70 saturated with ATP was 

primarily cleaved into three high molecular weight bands, including prominent 

bands at approximately 69 kDa (band 1) and 66 kDa (band 2) (Figure 4.9). 

Conversely, treatment with ADP strongly favors band 2. Addition of the J-domain 

of prokaryotic DnaJ, which stimulates ATP turnover in Hsc70, converted the 

ATP-like pattern to an ADP-like pattern. Next, we tested whether MKT-077 could 

stabilize the ADP-like configuration. Addition of MKT-077 (200 µM) largely 

blocked formation of band 1, consistent with the NMR data that this compound 

binds preferentially to the ADP-bound state of Hsc70. Together, these data 

support the NMR findings and suggest that MKT-077 stabilizes the ADP-bound 

state and inhibits steady-state ATP cycling in Hsp70s. 

 

4.2.8 MKT-077 reduces tau level in HeLa cells and is a useful compound for 

probing structure-function relationships in the Hsp70 system 

As discussed in Chapter 3, inhibition of Hsp70 by small molecules such as 

methylene blue (MB) causes enhanced clearance of tau in HeLaC3 cells. Based 

on this observation and the results shown above, we wondered whether MKT-

077 would also lead to clearance of hyper-phosphorylated tau. Figure 4.10 

shows that the compound, indeed, reduces tau levels in HeLaC3 cells at low 

micromolar concentrations, comparable to the best of the previous Hsp70 

inhibitors, such as MB. Together, these data suggest that MKT-077 is an 

allosteric modulator of Hsp70 and could serve as a lead compound for the 

treatment of tauopathy.  Indeed, the use of these compounds as potential 
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tauopathy therapeutics is 

progressing under the direction of a 

postdoctoral fellow, Dr. Xiaokai Li, 

in the Gestwicki laboratory and 

initial structure-activity relationships 

will be discussed below. Prior to 

that discussion, we will first describe 

additional mechanistic studies on 

MKT-077 that were performed in 

collaboration with Andrew Lieberman’s group (Dept. Pathology, University of 

Michigan). These additional mechanistic studies were directed at forming a link 

between the in vitro effects of MKT-077 and effects of this compound in cellular 

and animal models, with the goal of understanding the role of nucleotide binding 

in dictating the fate of bound Hsp70 substrates. 

 

4.2.9 YM1 increases Hsp70 binding to denatured luciferase 

One of the major questions in chaperone biology is how the structure of Hsp70 

correlates to the “decision” to either fold or degrade substrates. We sought to use 

MKT-077 and its analogs to probe the specific role of the ADP-bound state in this 

decision. Further, the fact that MKT-077 stabilizes the ADP-bound form of Hsp70 

is reminiscent of Hip (Hsp70 interacting protein), a co-chaperone of Hsp70. Thus, 

we reasoned that MKT-077 and Hip could be used to independently test the 

function of the ADP-bound state of Hsp70. If both of these perturbations gave 
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similar results, we would gain confidence in the specific role of the ADP-bound 

conformation. 

Towards that goal, it has recently been 

shown that overexpression of Hip 

prevents the accumulation of 

polyglutamine (polyQ) inclusions in a 

cellular model [18]. However, the 

mechanism of this activity wasn’t clear. 

Thus, we wondered whether MKT-077 

and Hip could be combined to probe 

polyQ stability in vitro and in vivo. As an initial test of this idea, we collaborated 

with Andrew Lieberman’s group to explore the effects of MKT-077 analogs and 

Hip over-expression on polyQ-expanded androgen receptor (polyQ-AR). PolyQ-

AR is the cause of spinal and bulbar muscular atrophy (SBMA), a progressive 

neurodegenerative disease that, like tauopathies, is linked to aberrant protein 

quality control. In these studies, we used YM1 (Figure 4.11), an MKT-077 

derivative with excellent anti-tau activity in HeLaC3 cells (data not shown). 

Because of the published findings with Hip, we reasoned that the polyQ-AR 

system would be a particularly good model in which to study the cellular 

consequences of “trapping” the ADP-bound form of Hsp70s. Specifically (as 

discussed in Chapter 1), we hypothesized that prolonging the Hsp70-bound form 

of polyQ-AR (either genetically or using chemical probes) might promote 

ubiquitination and degradation.  
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To test whether YM1 could impact the apparent binding affinity of Hsp70s for 

substrates, we used an ELISA-like assay to measure binding to denatured 

luciferase. In this experiment we found that YM1 potently stimulated Hsp70 

binding to its unfolded substrate, similar to what we observed with MKT-077 

(Figure 4.12A). Next, we performed trypsin partial proteolysis studies on YM1 

treated, human Hsp72 as described earlier for MKT-077. As expected, addition of 

YM1 (200 µM) blocked formation of the ATP-bound form (Figure 4.12B). 

Together, these studies suggest that YM1, like MKT-077, converts Hsp70 to its 

tight affinity conformation.  

 



138 

 

4.2.10 YM1 competes with Hip for binding 

To further explore the 

binding of YM1 to Hsp70, 

we first synthesized two 

biotinylated probes 

(Figure 4.13). The 

orientation of MKT-077 

bound to Hsp70, as 

determined by NMR, 

suggests that the pyridine 

ring should be solvent exposed (Figure 4.8). To test this idea, we appended a 

biotin tag to either the pyridine side of the YM1 (termed YM1-biotin; Figure 4.13) 

or the opposite benzothiazole (biotin-YM1), which is expected to be buried. In an 

ELISA-like format, we found that only the YM1-biotin probe had affinity for human 

Hsp72 (Figure 4.14A), with an apparent KD of 4.9 ± 0.8 µM. This interaction 
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appeared to be specific, 

because unlabelled YM-1 could 

compete for binding (Figure 

4.14B). This platform not only 

provided insight into YM-1 

binding to Hsp70, but also 

allowed us to test whether the 

co-chaperone, Hip, could compete with YM-1. Using purified Hip, we found that it 

could indeed block binding of the YM-1-biotin probe (Figure 4.15), suggesting 

that these natural and synthetic co-chaperones utilize a similar contact surface. 

Based on these data, we propose that YM-1 acts similarly to Hip; favoring 

accumulation of the ADP-bound form of Hsp70 and increasing its apparent 

affinity for substrates. 

 

4.2.11 Hip and YM1 promote clearance of AR112Q 

To test the effect of Hip on polyglutamine proteins, we over-expressed Hip with 

AR containing 112 glutamines (AR112Q). In this model, aggregation and 

misfolding of the polyQ AR is dependent on the addition of androgen receptor 

ligands, such as R1881 [19]. We found that Hip over-expression promoted 

clearance of soluble and RIPA-insoluble AR112Q after addition of R1881 (Figure 

4.16A). Further, this co-chaperone diminished the frequency of androgen-

dependent intranuclear inclusions in cells stably expressing tetracycline-inducible 

AR112Q (Figures 4.16B&C). Loss of AR112Q was mediated, in part, by the 
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proteasome, because it could be suppressed by MG132, a proteasome inhibitor 

(Figure 4.16D). We conclude that Hip over-expression enhanced ubiquitination 

and degradation of polyQ AR. Next, we tested YM1 in the same system. Similar 
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to Hip over-expression, YM1 diminished polyQ AR levels in tet-inducible PC12 

cells. To explore whether both the soluble and insoluble forms of AR112Q were 

sensitive to this treatment, we added YM1 and separated these fractions. We 

found that YM1 significantly decreased the accumulation of RIPA-insoluble 

AR112Q (Figure 4.17A) and diminished the occurrence of AR intranuclear 

inclusions in the presence of ligand (Figure 4.17B), suggesting a strong effect on 

the clearance of aggregated polyQ AR. In contrast, treatment with YM1 only 

slightly diminished the levels of soluble AR112Q. These results suggest that 

unfolded AR species, such as those found in aggregates, were most sensitive to 

YM1 under these conditions.  

 

4.2.12 YM1 enhances clearance of polyQ AR via proteasomal degradation. 
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We postulated that YM1 exerted these effects by increasing polyQ AR 

degradation. To test this notion, we induced AR112Q expression in tet-regulated 

PC12 cells in the presence of R1881 for 48 hrs. This protocol allows for robust 

polyQ expression, followed by ligand-dependent unfolding. Then, the media was   

replaced to shut off transgene expression and cells were incubated for an 

additional 72 hrs with YM1 or a solvent control (Figure 4.18A). In this experiment, 

YM1 significantly promoted the clearance of AR112Q as reflected by the loss of 

immunofluorescence staining (Figure 4.18B). Immunoblot analysis revealed that 

YM1 promoted the clearance of both RIPA-insoluble AR112Q and the high 
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molecular weight oligomers that remained in the soluble fraction after 

ultracentrifugation (Figure 4.18C). These oligomers formed in a hormone- 

dependent manner and were detected only in cells expressing the polyQ AR 

(Appendix 4.5.6). The effects of YM1 were blocked by MG132 (Figure 4.19A), 

indicating that YM1 promoted proteasomal degradation of polyQ AR. Unlike 

Hsp90 inhibitors, such as geldanamycin, YM1 exerted these effects without 

increasing the expression of the stress-responsive molecular chaperones, such 
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as Hsp70, Hsp40 or Hsp25 (Figure 4.19B). This result is consistent with our 

previous data showing that chemical modulators of Hsp70 do not induce a stress 

response (Chapter 3). Notably, the activity of YM1 was dependent on Hsp70, 

because siRNA knock-down reduced its potency (Figure 4.19C), further 

supporting this chaperone as its critical cellular target.  

 

4.2.13 YM1 rescues AR aggregation phenotype in D. melanogaster 

We next wondered whether the reduced accumulation of polyQ AR observed in 
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cells would abrogate proteotoxicity in disease models. We turned to a Drosophila 

melanogaster model of SBMA in which the UAS/Gal4 system drives expression 

of a polyglutamine expanded human AR (hAR52Q) and AR aggregation is 

promoted by addition of dihydroxytestosterone (DHT) [19]. When hAR52Q was 

expressed by the eye-specific GMR promoter, flies exhibited a DHT-dependent 

rough eye phenotype characterized by ommatidial degeneration and 

extranumerary inter-ommatidial bristles, particularly in the posterior aspects of 

the eye (Figures 4.20A&B). We found that DHT-dependent eye degeneration in 

this line was relatively modest, and was partially rescued by rearing flies on YM1 

(Figure 4.20C).  

 

From these studies, we concluded that stabilizing the ADP-bound form of Hsp70, 

by either application of YM1 or over-expression of HiP, leads to enhanced 

proteasomal degradation of polyQ-expanded AR. This is an exciting result 

because, for the first time, it links a specific Hsp70 structure to a specific cellular 

outcome. Mechanistic work on this chemical series is being continued by Dr. 

Xiaokai Li in both the polyQ and tau systems. 

 

4.2.14 YM8 is BBB permeable 

A key feature of any good chemical probe 

for Hsp70 is selectivity and potency. 

Moreover, to ask questions about 

proteostasis in animal models of 
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neurodegenerative disease, these ideal probes should be permeable to the 

blood-brain barrier (BBB). Encouraged by the intial results with MKT-077 and 

YM1, we next explored pharmacological properties of this rhodocyanine scaffold, 

with the goal of increasing BBB permeability, selectivity and potency.  

 

It has been shown that MKT-077 does not enter the CNS and it was suggested 

that its hydrophilic property and positive charge might prevent it from crossing the 

BBB [20]. Thus, we wondered whether removing the positive charge would 

improve BBB permeability. Moreover, we reasoned that this change would not 

impact binding to Hsp70 because the charged region was located in the solvent 

exposed area, based on our earlier NMR and docking studies. To test this idea, 

we synthesized a neutral version of MKT-077, YM8 (Figure 4.21), and 

investigated its distribution in CD-1 mice in collaboration with Duxin Sun’s group 

(Univ. of Michigan, College of Pharmacy). Briefly, mice were injected 

intravenously with either YM1 or YM8 and their distribution was assessed after 

10 and 60 minitues. 

Strikingly, a large amount 

of YM8 was found in the 

brain after 10 minutes 

(Table 4.1). This was in 

contrast to YM1, which 

showed no distribution in 

the brain. Importantly, YM8 
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retained its ability to bind Hsp70 shown by the ELISA-like assay using YM1-biotin 

and to reduce tau levels in cells (Figure 4.22). Further, these data suggest that 

neutral derivatives of MKT-077 are BBB permeable Hsp70 inhibitors.  
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4.2.15 Synthesis and evaluation of neutral MKT-077 derivatives 

To further improve potency, we set out to build a library of neutral MKT-077 
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derivatives. General synthetic scheme is shown in Figure 4.23. Based on the 

docking model shown in Figure 4.7, we first focused on modifications at the 

benzothiazole moiety. Specifically, we synthesized compounds with halogen 

groups at C-4 ~ C-7 to explore the space around the ring, those with substitutions 

at C-6 to explore potential interactions with Asp206 and Ser208, and those with 

subsitutions at C-1/C-2 to add a little diversity to the series. Subsequently, we 

tested them in ELISA-like YM1-biotin and DnaK-luciferase assays. The results 

are shown in Table 4.2. IC50 and EC50 values for some of the compounds could 

not be obtained (indicated as n/a) usually due to poor solubility. These two 

assays were complementary to each other in evaluating the collection and 

provided insight into structure-activity relationships. The data suggest that (1) 

electron withdrawing groups at R2 and R3 are favorable (2) substitutions at R3 is 

better than those at R2 and (3) chlorine has an optimum size for R3 substitutions. 

Interestingly, C-5 and C-6 (see Figure 4.23) are known to be oxidized by 

cytochrome P450 in vivo [21,22]. Therefore, substitutions at these positions may 

improve not only affinity for Hsp70 but also in vivo stability. Next, we explored 

whether the position of the 

nitrogen atom on the pyridine 

ring is important. We 

synthesize compounds 15 

and 16 (Figure 4.24), and 

tested them in the same 

assay. Changing the 
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orientation of the pyridine ring 

altered compounds solubility 

and IC50/EC50 values for 

compound 15 could not be 

obtained. Compound 16 

showed IC50 and EC50 values 

of 22.7 and 7.7 M, 

respectively. These results 

suggest that having a nitrogen 

atom at para position to the 

methylene group significantly 

reduces the compounds’ 

activity and that the orientation of the pyridine ring in the original scaffold is 

critical. The model suggests that the quaternary nitrogen might have an 

electrostatic interaction with Asp223 (Figure 4.25).  Interestingly, in this model, 

the “para” position would have the same distance from the aspartate. Thus, 

contributions from these potential contacts to the affinity would be expected to be 

similar. At this point, the apparent difference between “ortho” and “para” 

compounds in their affinity for Hsp70 cannot be explained based on our current 

model. We currently hypothesize that it is due to reduced solubility of para 

substituted derivatives.  
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4.3 Discussion 

4.3.1 MKT-077 binds Hsp70 at an interface of two lobes and stabilizes its 

ADP form  

Based on the literature suggesting Hsp70 as a major cellular target of the anti-

cancer agent MKT-077, we set out to study the interaction between the 

compound and Hsc70 using NMR and computer simulations. TROSY spectra 

indicated that MKT-077 binds at the interface between lobe I and lobe II, which is 

immediately below the nucleotide binding pocket. Interestingly, it only bound the 

ADP-form of Hsc70 but not the ATP-form. The Zuiderweg laboratory recently 

showed that Hsp70 NBD subdomains change their relative orientations between 

the different allosteric states (Appendix 4.5.3) [11]. In detail, it was found (a) that 

the relative orientations of the subdomains of the T. thermophilus DnaK in the 

ADP state resemble, in solution, those of Hsc70 complexed with a nucleotide 

exchange factor as seen in a crystal and (b) that the relative orientations of the 

subdomains of the T. thermophilus DnaK in the AMP-PNP state resemble, in 

solution, those of Hsc70 NBD in crystal, irrespective of the latter’s nucleotide 

state. In this context, the MKT-077 binding pocket is “open” in the ADP state and 

“closed” in the ATP state (Appendix 4.5.3), which is consistent with our 

observation that MKT-077 only binds to the ADP form of Hsp70. In addition, we 

found that MKT-077 actually stabilizes the ADP state and reduces tau levels in 

cells. These results suggest a new model of Hsp70 biology in which prolonged 

retention of substrates on Hsp70 promotes their degradation. This model needs 

further testing, but it suggests an exciting link between structure-and-function that 
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could significantly help the design and discovery of new Hsp70-targeted 

therapeutics. 

 

4.3.2 MKT-077 analogs serve as an artificial co-chaperone and promote 

clearance of AR112Q. 

It has been known that the co-chaperone Hip stabilizes the ADP-form of Hsp70, 

which has high affinity for substrates [23] and that Hip over-expression enhances 

clearance of misfolded polyglutamines [18].. Thus, we hypothesized that MKT-

077 and its analogs might have similar effects on client proteins. To test this idea, 

we worked with Prof. Lieberman’s group to explore the effects of Hip over-

expression and YM1 treatment in models of SBMA. We showed that YM1 

competes with Hip for binding to Hsp70 and they both prevent aggregation and 

promote proteasomal degradation of AR112Q in cells. Importantly, this effect was 

dependent on Hsp70. Further, YM1 suppressed disease phenotypes in a 

Drosophila melanogaster model of SBMA. Together, these results support the 

model that “dwell time” on Hsp70 impacts the fate of bound substrates (as 

discussed in Chapter 1). The critical off-rate of substrates is likely affected by 

many factors including the levels of the client, availability of co-chaperones and 

the intrinsic affinity of the substrate. Since MKT-077 derivatives force Hsp70 into 

high affinity conformation, they might represent useful tools in “tuning” Hsp70’s 

affinity and studying this concept.  
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4.3.3 Structure-based design leads to the development of high-affinity MKT-

077 derivative with BBB permeability. 

Small molecule therapeutics targeting the brain must be able to penetrate the 

BBB. Despite their potency in cells and in a Drosophila model, MKT-077 

derivatives cannot be used as therapeutic agents or in vivo chemical probes for 

tauopathies or polyglutamine expansion disorders due to their lack of BBB 

permeability [20]. Because lipophilicity is one of the major factors that contributes 

to BBB partitioning, we hypothesized that removing the positive charge from the 

pyridine moiety might be beneficial. Indeed, a neutral analog of MKT-077/YM1, 

YM8, was found in mouse brain 10 minutes after intravenous injection (Table 

4.1). In our biochemical assay, YM8 showed binding affinity for Hsp70 that is 

comparable to YM1. Our attempt to observe binding of YM8 to Hsc70 NBD by 

NMR was not successful likely due to the compound’s poor solubility (data not 

shown).  These findings led us to focus our next effort on improving the potency 

and solubility of neutral derivatives. Based on the docking structure, we designed 

and synthesized 16 derivatives and explored their structure activity relationships 

using two complementary biochemical assays. Although extensive medicinal 

chemistry efforts have been made on MKT-077 and analogous lipophilic cationic 

dyes as anti-cancer and anti-malarial agents, we found that there is still room for 

improvement particularly at the aromatic ring of benzothiazole moiety. Together, 

these results suggest that neutral MKT-077 analogs might represent promising 

leads for the treatment of tauopathy.  

 



154 

 

4.4 Materials and Methods 

4.4.1 Reagents and cell lines 

Unless otherwise specified, all reagents were purchased from Sigma (St. Louis, 

MO). HeLa cells were from the American Type Culture Collection. PC12 cells 

expressing tet-inducible forms of the AR were from Dr. Diane Merry (Thomas 

Jefferson University) [24]. Phenol red-free Dulbecco’s modified Eagle’s medium 

was from Invitrogen (Carlsbad, CA), charcoal-stripped calf serum was from 

Thermo Scientific Hyclone Products (Waltham, MA) and horse serum was from 

Invitrogen. Fugene 6 was from Roche (Indianapolis, IN), and DHT and MG132 

were from Sigma (St. Louis, MO). Geldanamycin and the anti-72/73-kDa Hsp70 

(N27F3-4), stress inducible Hsp70, Hsp40, Hsp25 and HIP antibodies were from 

Enzo Life Sciences (Plymouth Meeting, PA). The AR (N-20), FLAG, and GAPDH 

antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA), Sigma, and 

Abcam (Cambridge, MA) respectively. The HRP-tagged secondary antibodies 

were from Biorad, and the Alexa Flour 594 and 488 conjugated secondary 

antibodies were from Invitrogen. Plasmid encoding Hip was from GeneCopoeia 

and modified by the addition of a triple FLAG tag. Hsp70 siRNAs were ON-

TARGETplus SMART pool rat HSPA1A or non-targeting control (Dharmacon).  

 

4.4.2 Protein preparation 

The plasmid for the expression of bovine Hsc70 NBD (100% identical with the 

human protein) was a generous donation by Dr. D. B. McKay (Stanford School of 

Medicine, Stanford, CA). It was expressed in E. coli strain BL21 (DE3). The cells 
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were inoculated from a freshly transformed Petri dish of a 2 mL LB culture, grown 

until OD600=0.4, transferred to a 100 mL flask of M9 media, and grown until 

OD600=0.4 in order to increase the yield of the induction. Subsequently, the cells 

were centrifuged and transferred to a 1 L M9 medium containing 98% D2O, 2 g/L 

protonated [13C] glucose, and 1 g/L 15NH4Cl. The expression was induced by 

isopropyl-β-D-thiogalactopyranoside to 0.5 mM at OD600=0.8. Harvested cells 

were removed by centrifugation and disrupted mechanically by a French press. 

Cell debris was removed by centrifugation, and the supernatant was loaded onto 

a DEAE-52 column and eluted with 150 mM KCl. The Hsc70 fractions were 

dialyzed against 20 mM Hepes (pH 7.0)/25 mM KCl/10 mM 

ethylenediaminetetraacetic acid (EDTA). EDTA was precipitated by the addition 

of 25 mM MgCl2 in the dialyzed protein pool, yielding 5 mM free Mg2+. The 

precipitate of (Mg) EDTA was removed by centrifugation. The supernatant was 

loaded onto an ATP-agarose affinity column and eluted with 3 mM ADP. The 

protein was concentrated by using Amicon concentrators. The protein was, at all 

times, stabilized with protein inhibitors and kept at 4 °C. 

 

4.4.3 NMR assignment 

For the assignment of the protein's NMR spectrum, we used a 15N,13C,2H-labeled 

280 μM Hsc70 NBD sample that contained 5 mM MgCl2, 25 mM KCl, 20 mM 

Tris-HCl, 10 mM ADP, 5 mM K3PO4, 0.005% sodium azide, and 10% (vol/vol) 

D2O (pH 7.2). The experiments were performed at 26 °C on an 800 MHz Varian 

Inova NMR spectrometer equipped with a triple-resonance cold probe. The 
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protein backbone resonances were assigned from three-dimensional HNCA, 

HN(CO)CA, HNCO, HN(CA)CO, HNCACB, and HN(CO)CACB TROSY data. All 

spectra were processed with NMR Pipe [25] and converted into SPARKY [26]. 

The SPARKY program was used to peakpick the spectra. The peak-pick lists 

were manually curated to obtain consistent NH root labeling throughout the 

different spectra. Assignments were made from these curated lists using the 

automatic assignment program SAGA [27]. Alternative assignments as produced 

by SAGA were evaluated and further checked using SPARKY. Only assignments 

of stretches of more than two connected spin systems were retained. By and 

large, they corresponded to the previous manual assignments for this protein 

domain [12].  

The 1H spectrum of MKT-077 in H2O was assigned using double quantum 

filtered – correlated spectroscopy and rotating frame Overhauser effect 

spectroscopy acquired on a 500-MHz Bruker Avance spectrometer. The rotating 

frame Overhauser effect spectroscopy spectra confirmed the trans configuration 

of the pyridinium ring and the nitrogen in the oxothiazolidine moiety over the 

double bond as shown in Figure 4.1. 

 

4.4.4 NMR titrations 

Hsc70 NBD samples of 80 – 240 M  in 5 mM MgCl2, 25mM KCl, 20 mM Tris-

HCl,10 mM ADP, 5 mM K3PO4, 0.005% sodium azide and 10% (vol/vol) D20 (pH 

7.2) were used for the titrations, using 4 mM solutions of MKT-077 in water 

(neutral pH) as titrant.  The results of two titrations are reported here. Using a 
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sample of 80 M 15N-labeled Hsc70 NBD, MKT-077 was added to ratios of 1:1 

and 2:1. Duplicate TROSY spectra of 8 hours each were recorded for each 

titration step. Using a triple-labeled 270 M sample of Hsc70 NBD, MKT-077 was 

titrated to ratios of 0.25:1, 0.5:1, 0.75:1 and 1:1. Duplicate TROSY spectra of 4 

hours each were recorded for each titration step. The shifts upon the addition of 

the drugs were manually recorded in SPARKY and were mapped on the crystal 

structure coordinates of Hsc70 NBD (3HSC.pdb) using Pymol [28].  

 

4.4.5 Docking computations 

AUTODOCK-4 [13] was used for the docking of MKT-077 to Hsc70 NBD. The 

initial structure for MKT-077 was minimized in Jaguar (Schrödinger, LLC) at the 

B3LYP/6-31G* level. Standard charging methods within AUTODOCK leave MKT-

077 uncharged. To obtain better charging models, we used the Antechamber [29] 

suite in AMBER [30]. In one round of computations, we use Gasteiger charging 

as afforded by Antechamber, and just added +1 to the charge of the pyridinium 

nitrogen. We also used AM1-BCC charges as computed in AMBER. AM1-BCC 

predicts considerable polarization over the remainder of the conjugated molecule 

which also seems more realistic than the charge pattern in Gasteiger in which 

polarization is absent. The AMBER-charged models were hand-edited into the 

AUTODOCK. pdbqt files.  

All available crystal structures for the NBD of Hsc70 conform to the closed (ATP) 

state [11]. These structures cannot be used for docking because MKT-077 does 

not bind to this state. In absence of a “true” high-resolution structure for the open 
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ADP state, we chose one of the available crystal structures of Hsc70 in complex 

with a nucleotide exchange factor. According to the NMR analysis of a bacterial 

Hsp70 in the ADP and ATP state, Hsc70 in complex with a nucleotide exchange 

factor is a likely representation of the ADP state [11]. We chose Hsc70 in 

complex with yeast Hsp110 (3C7N.pdb [31]) as our model, because it is the only 

complex that contains ADP and Mg++. We discarded the coordinates of Hsp110 

in the docking computations. In order to relieve possible strain exerted by crystal 

and/or Hsp110, the extracted Hsc70 NBD coordinates were relaxed using 

restrained minimization and equilibration in AMBER (see below). The coordinates 

of the equilibrated protein, including ADP and Mg++ were used for the 

AUTODOCK runs.  

The AUTODOCK gridbox was located on the interface of the four subdomains IA-

IB-IIA-IIB with a 0.2 Å resolution. We used a Lamarckian  genetic algorithm with 

the following parameters : the GA runs were set to 100, the size of the initial 

population to 1500, the maximum number of evaluations was set to long, the 

maximum number of top individuals that automatically survive was set to 1, the 

rate of gene mutation was set to 0.02, the rate of crossover was 0.8, the GA 

crossover mode was twopt, the mean of Cauchy distribution for gene mutation 

was set to 0, the variance of Cauchy distribution for gene mutation was set to 1 

and the number of generations for picking worst individuals was set to 10. The 

calculations were performed on a Macintosh computer. The docked structures 

were clustered and evaluated by hand using Pymol.  
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4.4.6 Molecular dynamics 

The crystal structure coordinates of Hsc70 in complex with yeast Hsp110, ADP, 

SO4
2- and Mg++ ions (3C7N.pdb) were used as a starting point. The coordinates 

of Hsp110 and SO4
2- ions were removed. The NBD, ADP and Mg coordinates 

were minimized in 1000 steps using a hybrid forcefield  (ff99SB for the protein, 

gaff for metal ions and a gaff-derived forcefield [32] for ADP) in the Amber 11 

program suite [30]. The coordinates were restrained to the X-ray coordinates with 

a force constant of 5 kcal/Mol/Å2. Subsequently we carried out a molecular 

Langevin dynamics equilibration run in implicit generalized Born solvent with 0.1 

M ionic strength, running from 0 - 300 K over 10 ps. The same hybrid forcefield 

was used. The dynamics equilibration was restrained by 940 CA-CA distances in 

the 2-5 Å range, 2952 CA-CA distances in the 10-20 Å range, and 742 restraints 

between protein CA atoms and all atoms of ADP and Mg++ in the 1-15 Å range. 

The restraints had as lower bounds the actual distances as computed from the 

PDB file, and as upper bounds the actual distance + 1 Å, enforced by a parabolic 

potential of 20 kcal/Mol/Å2. The calculations were performed on an Apple 

MacBookPro5.1 computer equipped with a 64-bit 2.4 GHz Intel Core 2 Duo 

processor, running Mac OS  X10.6.6. 

 

4.4.7 Docking evaluation 

The AUTODOCK solutions with “energies” of 7.03, 6.32, 5.36 and 5.25 kcal/M 

were evaluated using AMBER (vs. 11) in the following way. Hydrogen-atoms 

were re-attached to the coordinates of the docked MKT-077 molecules and the 



160 

 

double and aromatic bonds were reassigned in the Pymol Builder module. These 

coordinates were converted to AMBER .prepi and forcefield modification files 

using the Amber Antechamber suite. We used AM1-BCC charging for MKT-077.  

In order to carry out a proper MD-based binding energy evaluation, it is 

necessary to run the simulations using explicit solvation. For a molecule the size 

of Hsc70 NBD (380 residues) such computations become too time consuming for 

our labs, which do not have access to specialized super computers. Hence, we 

decided to carry out restrained MD simulations on a docking site consisting of 

Hsc70 residues 12-13 + 69-83 + 143-158 + 172-177 + 196-211 + 219-229 + 316-

323 and the Mg++ ion, which was extracted from the equilibrated pdb files (see 

Appendix 4.5.). Four different docked MKT-077 poses, corresponding to the 

best members of each of the four families shown in Figure 4.7, were added the 

site (not simultaneously). Identical protocols were followed for the four 

computational series. The “complexes” were solvated with ~6500 TIP3P waters 

in a 12 Å3 periodic box.  After a minimization step, a molecular dynamics 

temperature ramp running from 0 - 300 K  over 50 ps was carried out. The same 

hybrid force field was used as described above. This run was restrained by 3790 

restraints between N, HN, CA, C’ and O backbone atoms of the reduced binding 

site, 55 Mg++ - CA  restraints, and ~2600 MKT - CA restraints based on the 

minimized structure (depending on family member). All restraints were defined 

within a 1.0 Å range and enforced with a 20 Kcal/Mol/Å2 gradient. Subsequently, 

a density equilibration (for 50 ps, with pressure relaxation time of 1 ps) and 

general equilization (for 100 ps, with pressure relaxation time of 2 ps) with the 
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same restraints followed. These equilibration steps were followed by a production 

run of 250 ps restrained MD computations at 300 K.  In the production runs, the 

MKT restraints were removed, while all others remained.  

The binding enthalpies were calculated using the MM-GB/PBSA protocol [13] as 

implemented in the Amber 11 release, using 100 frames of the last 50 ps of the 

molecular dynamics production runs. The calculations were performed on an 

Apple MacBookPro5.1 computer equipped with a 64-bit 2.4 GHz Intel Core 2 Duo 

processor, running MacOS  X10.6.6. 

 

4.4.8 Partial proteolysis 

The partial proteolysis protocol was adapted from a previously described method 

[33]. Briefly, Hsc70 (6 μM) in 40 mM HEPES buffer (20 mM NaCl, 8 mM MgCl2, 

20 mM KCl, 0.3 mM EDTA, pH 8.0) was incubated with 1 mM nucleotide (ADP or 

ATP), either a buffer control or compound (200 µM) and a J-domain (residues 2-

108, 24 µM) when noted. Samples were incubated at room temperature for 30 

minutes. The trypsin (SIGMA Ec 3.4.2.1.4) was added to a final concentration of 

0.9 µM and the samples were incubated for another 30 minutes at room 

temperature. The reaction was then quenched with the addition of 25 μl of 3x 

SDS loading buffer (240 mM Tris, 6 % w/v SDS, 30 % v/v glycerol, and 16 % v/v 

β-mercaptoethanol, 0.6 mg/ml bromophenol blue, pH 6.8) and heated to 95 C 

for 3 minutes. Bands were separated by 12 % SDS-PAGE and stained with 

Coomassie blue.  
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4.4.9 Luciferase binding assay 

Binding of Hsp70 to immobilized firefly luciferase was performed as described in 

Chapter 2. YM1 was added from a stock solution of 2.5 mM and diluted to a final 

DMSO concentration of 4%. All results were compared to an appropriate solvent 

control. Experiments were performed in triplicate. 

 

4.4.10 Hip competition binding assay 

Human Hsp72 and Hip were purified as previously described [33,34] and the 

Hsp70-binding assay was carried out using an adaptation of a previously 

described assay (Chapter 2). Briefly, Hsp72 (2.3 μM) was immobilized on ELISA 

plates (ThermoFisher brand, clear, non-sterile, flat bottom). The treated wells 

were pre-incubated with Hip (0 – 6 μM) for 5 min prior to addition of biotin-labeled 

YM1. The labeled probe was incubated in the wells for 2 hrs at room temperature, 

followed by three washes with 150 μL TBST and incubation with 100 μL 3% BSA 

in TBST for 5 min. The BSA solution was discarded and the wells were incubated 

with streptavidin-horseradish peroxidase for 1 hr. Following three additional 

washes with TBST, the wells were incubated with 100 μL TMB substrate (Cell 

Signaling Technology, Danvers, MA) for 30 min. After addition of stop solution, 

the absorbance was read in a SpectraMax M5 plate reader at 450 nm. Results 

were compared to control wells lacking Hsp70. Experiments were performed in 

triplicate and at least two independent trials were performed for each condition. 

 

 



163 

 

4.4.11 Cell culture and transfection 

HeLa cells were grown in phenol red-free DMEM supplemented with 10% 

charcoal/dextran-stripped fetal calf serum. Cells were transfected with 3 L 

Fugene 6 and 1 μg DNA. Twenty four hours post-transfection, cells were pooled 

and replated, then treated as indicated. PC12 cells were grown in phenol red-free 

DMEM supplemented with 5% charcoal/dextran-stripped fetal calf serum, 10% 

charcoalstripped horse serum, G418 (Gibco) and hygromycin B (Invitrogen). AR 

expression was induced with 0.5 μg/mL doxycycline (Clontech). PC12 cells were 

transfected by electroporation with the Lonza Nucleofector kit. HEK293 cells 

were grown in DMEM and transfected using Ca2+-phosphate. 

 

4.4.12 Analysis of protein expression  

Cells were washed with PBS, harvested, and lysed by sonication in RIPA buffer 

containing phosphatase and proteinase inhibitors. For analysis of oligomers, cells 

were lysed in high salt lysis buffer (20mM Hepes, pH 7.5, 400mM NaCl, 5 mM 

EDTA, 1 mM EGTA, 1% NP-40). Lysates were centrifuged at 4°C for 15 min at 

15,000 g and protein concentration was determined by a BCA protein assay. 

Samples for oligomer analysis were subjected to ultracentrifugation at 100,000 g 

for 30 min at 4°C. Protein samples were electrophoresed through 10% SDS-

polyacrylamide or 4%-20% gradient gels and transferred to nitrocellulose 

membranes using a semi-dry transfer apparatus. Immunoreactive proteins were 

detected by chemiluminescence. Signal intensity was normalized to GAPDH, and 

densitometric analysis was performed using ImageJ (NIH). 
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4.4.13 Immunofluorescence 

PC12 cells were transfected with 3xFLAG-Hip as indicated. Following induction 

and small molecule treatment, cells were fixed, stained and mounted using 

Vectashield mounting medium with DAPI (Burlingame, CA). Fluorescence 

images were captured using a Zeiss Axio Imager.Z1 microscope, and nuclear 

signal intensity was quantified by ImageJ (NIH). Data are from at least 3 fields 

per condition in 3 experiments. Confocal microscopy was performed using a 

Zeiss LSM 510-META Laser Scanning Confocal Microscopy system. 

 

4.4.14 Drosophila stocks and phenotypes 

The following strains were used in this study: White Canton-S (wild type), 

BG380-Gal4 [35], GMR-Gal4 [36], OK371-Gal4 [37], HIPEY14563 (Bloomington), 

HIP-REY01382 (Bloomington). UAS-hAR52Q flies were provided by Ken-ichi 

Takeyama [19]. Drosophila stocks were maintained on standard cornmeal agar 

media at 25°C and experimental flies were kept at 29°C. Food was 

supplemented with 1 mM DHT, 1 mM YM1, or vehicle controls once cooled to 

<50°C. The eclosion phenotype was scored by marking existing pupal cases at 

10 days post addition of parents. Following 7 days at 29°C, the percentage of 

marked pupal cases that failed to eclose was determined for 200-800 flies of 

each condition. Scanning electron micrographs were captured by the University 

of Michigan Microscopy & Image Analysis Core on 1 - 2 day old GMRGal4; UAS-

hAR52Q flies reared on food supplemented as indicated. 
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4.4.15 Statistics 

Statistical significance was assessed by ANOVA with Newman-Keuls multiple 

comparison test, or unpaired Student’s t-test using the software package Prism 5 

(GraphPad Software). P values less than 0.05 were considered significant.  

 

4.4.16 Pharmacokinetic sampling 

Female CD-1 mice (25-30 g in body weight) were purchased from Charles River 

Laboratories (Wilmington, MA). Mice were treated with 6 mg/kg YM8 through the 

tail-vein injection. The plasma and tissues (brain, heart, live, lung, spleen, kidney, 

intestine, fat and muscle) were collected at 0.016, 0.08, 0.16, 0.25, 0.5, 1, 2, 4, 6, 

13, 18, 24 and 48h after drug administration. Whole blood samples were drawn 

through the cardiac puncture using a heparinized syringe with a 22 guage needle, 

followed by centrifugation at 3,000 g for 10min at 4°C to obtain plasma. Collected 

tissues were washed with PBS, immediately frozen using liquid nitrogen, and 

stored at -80 °C until further analysis. For urine and feces analysis, mice were 

placed in metabolism chambers to collect urine and feces at 18, 24 and 48h post-

administration of YM8. Collected samples were stored at -80 °C until further 

analysis. 

 

4.4.17 Extraction of YM8 

Tissue and feces homogenates were prepared by adding PBS (1:5 w/v, 

homogenate/PBS) and homogenized for 3 min. Urine was also diluted with PBS 

(1:5 w/v, homogenate/PBS) without homogenization. YM8 was extracted from 
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100 µl aliquot of samples by adding 300 µl of acetonitrile containing 50 ng/ml IS, 

followed by vortexing for 3 min. The supernatant was collected and subjected to 

LC-MS/MS analysis.   

 

4.4.18 LC-MS/MS analysis 

The separation of  YM8 and internal standard was performed using Agilent 1200 

HPLC system (Agilent Technologies, Santa Clara, CA) and Zobarx SB-C18 

column (2.1 × 50 mm, 3.5 μm) (Agilent Technologies). The compounds were 

eluted with an fixed gradient of 20% water with of 0.1%(v/v) glacial acetic acid 

and 80% of acetonitrile with 0.1%(v/v) glacial acetic acid. After injecting 10 µl of 

samples into HPLC system, the elution was performed over 2 min at a flow rate 

of 0.4 ml/min. The YM8 and MKT-077eluents were detected using QTRAP 3200 

mass spectrometer (Applied Biosystems/MDS Sciex, Foster City, CA) equipped 

with an electrospray ionization source (ESI). The temperature of ESI was set at 

650°C and curtain gas, gas 1, and gas 2 were set to 30, 50, and 50 units, 

respectively. A positive voltage at 5500 V was applied through ESI to convert the 

eluents to ions in the form of MH+. The ions were detected using a MRM mode. 

The ion transitions from the precursor ion (m/z 368) to the fragment ion (m/z 

=222) and from the precursor ion (m/z 396) to the fragment ion (m/z=175) were 

used to detect YM8 and IS, respectively. 

 

4.4.19 Calibration standards of YM8 for LC-MS/MS analysis 

Eight stock solutions of YM8 ranging from 50-50,000 ng/ml were prepared in 
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acetonitrile. Then, eight calibration standards, ranging from 5 to 5,000 ng/ml, 

were prepared for each sample origin by spiking 10 µl of stock solution into 90 µl 

of plasma blanks or homogeneous tissue blanks, including brain, heart, lung, 

liver, spleen, kidney, fat, muscle, urine, or feces. YM8 was extracted from an 

aliquot of homogenate (100 µl) by adding 300 µl of acetonitrile containing 50 

ng/ml IS, followed by vortexing for 3 min. The supernatant was collected and 

subjected to LC-MS/MS analysis. For each tissue, the ratio of AUC of YM8 to 

AUC of IS versus the concentration of YM8 was used to generate a standard 

curve, through which an unknown YM8 concentration in samples was determined. 

 

4.4.20 Pharmacokinetic analysis 

The plasma concentration data were analyzed by compartmental 

pharmacokinetic analysis using WinNonlin software (Pharsight). Akaike 

Information Criterion (AIC) was used as measures of goodness of fit based on 

maximum likelihood for the PK models.  

 

4.4.21 Plasma protein binding  

A protein plasma binding assay was conducted using Rapid Equilibrium Dialysis 

(RED) device (Pierce). The experiment was performed according to the protocol 

provided by the manufacturer. In brief, 200 µl aliquot of plasma sample 

containing 5 µM of YM8 was added into the sample chamber and 350 µl of buffer 

was added to the buffer chamber. The buffer membrane with a cutoff of 8,000 kD 

was placed in between two chambers. After covering the chambers with a gas-
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permeable membrane, the sample was placed on a shaker and incubated at 37 

°C for 4hrs. At the end of incubation, 50 µl were aspirated from both sample and 

a buffer chamber. The extraction of YM8 from performed by adding 150 µl of ice-

cold acetonitrile containing 50 ng/ml of IS in to the aspirate. After centrifugation at 

14,000 rpm for 5 min, supernatants were collected and subjected to LC-MS/MS 

analysis.  The unbound fraction was calculated according to equation 1: 

            (
                        

                      
)                                                                

where the amount of YM8 was defined as the ratio of  YM8 peak area to IS peak 

area. 

 

4.4.22 Synthesis of MKT-077 and YM1  

MKT-077 and YM1 were synthesized as previously described [38].  

YM1: 1H  (DMSO) 8.67 (1H, d, J = 6.3 Hz), 8.26 (1H, t, J = 8.2 Hz), 8.04 (1H, d, 

J = 8.6 Hz), 7.87 (1H, d, J = 7.8 Hz), 7.61 (1H, d, J = 8.2 Hz), 7.49 (1H, t, J = 7.4 

Hz), 7.42 (1H, t, J =7.4 Hz), 7.30 (1H, t, J = 7.4 Hz), 5.96 (1H, t), 4.14 (3H, s), 

4.10, (2H, q, J = 7.4, 6.7 Hz), 4.04 (3H, s), 1.26 (3H, t, J = 6.7 Hz). 13C  (DMSO) 

163.80, 154.42, 150.60, 150.51, 145.33, 142.67, 140.33, 127.01, 125.61, 123.53, 

122.80, 122.06, 118.69, 111.72, 84.19, 78.26, 45.18, 38.23, 34.48, 11.87. 

 

4.4.23 Synthesis of biotinylated YM1 probes 

YM1-biotin and Biotin-YM1 were synthesized by coupling of corresponding 

aminated YM1 derivatives and 6-((Biotinoyl)amino)hexanoic acid using standard 

peptide coupling methods.  
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YM1-biotin: 1H  (DMSO) 8.57 (1H, d, J = 6.9 Hz), 8.27 (2H, m), 8.06 (1H, d, J = 

9.5 Hz), 7.86 (1H, d, J = 7.8 Hz), 7.77 (1H, m), 7.61 (1H, d, J = 8.1 Hz), 7.48 (1H, 

t, J = 6.9 Hz), 7.43 (1H, t, J = 6.4 Hz), 7.29 (1H, t, J = 7.8 Hz), 6.42 (1H, s), 6.37 

(1H, s), 6.18 (1H, s), 4.60 (2H, m), 4.29 (1H, t, J = 5.4 Hz), 4.17 (2H, m), 4.11 

(1H, m), 4.04 (3H, s), 3.53 (2H, m), 3.08 (1H, m), 2.97 (2H, dd, J = 6.1, 5.4 Hz), 

2.80 (1H, d, J = 4.7, 12.0 Hz), 2.03 (4H, m), 1.59 – 1.23 (16H). 

Biotin-YM1: 1H  (DMSO) 8.65 (1H, d, J = 6.4 Hz), 8.24 (1H, t, J = 7.8 Hz), 8.15 

(1H, s), 8.02 (1H, d, J = 8.3 Hz), 7.76 (2H, m), 7.57 (2H, m), 7.40 (1H, t, J = 5.9 

Hz), 6.42 (1H, s), 6.36 (1H, s), 5.94 (1H, s), 4.29 (1H, m), 4.18 – 4.06 (6H), 4.01 

(3H, s), 3.08 (1H, m), 3.02 (2H, m), 2.81 (1H, dd, J = 4.9, 11.7 Hz), 2.31 (2H, t, J 

= 6.9 Hz), 2.03 (2H, t, J =7.3 Hz), 1.65 – 1.18 (16H). 

 

4.4.24 Synthesis of neutral MKT-077 derivatives 

Synthetic procedure of neutral MKT-077 derivatives have been previously 

described [39]. See Figure 4.23 for the general procedure. 

 

YM8: 1H NMR (400 MHz, dmso) δ 8.53 (d, J = 3.7 Hz, 1H), 7.66 (m, 2H), 7.35 (d, 

J = 8.9 Hz, 2H), 7.22 (m, 1H), 7.14 (d, J = 6.6 Hz, 1H), 6.95 (s, 1H), 6.18 (s, 1H), 

3.96 (s, 1H), 3.89 (d, J = 6.9 Hz, 1H), 1.20 (t, J = 6.6 Hz, 3H). 

 

Compound 1: 1H NMR (401 MHz, dmso) δ 8.52 (d, J = 4.4 Hz, 1H), 7.63 (dd, J = 

10.6, 4.7 Hz, 1H), 7.49 (d, J = 7.6 Hz, 1H), 7.18 (m, 3H), 6.96 (m, 1H), 6.23 (s, 

1H), 4.05 (s, 3H), 3.90 (q, J = 7.1 Hz, 2H), 1.20 (t, J = 7.0 Hz, 3H). 
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Compound 2: 1H NMR (401 MHz, dmso) δ 8.54 (s, 1H), 7.64 (d, J = 10.0 Hz, 2H), 

7.28 (dd, J = 25.2, 8.1 Hz, 2H), 6.97 (d, J = 15.1 Hz, 2H), 6.21 (s, 1H), 3.91 (d, J 

= 18.1 Hz, 5H), 1.20 (s, 3H). 

 

Compound 3: 1H NMR (500 MHz, dmso) δ 8.52 (d, J = 4.3 Hz, 1H), 7.63 (m, 2H), 

7.31 (dd, J = 8.8, 4.1 Hz, 1H), 7.21 (m, 2H), 6.94 (m, 1H), 6.18 (s, 1H), 3.93 (s, 

3H), 3.88 (q, J = 6.9 Hz, 2H), 1.19 (t, J = 6.9 Hz, 3H). 

 

Compound 4: 1H NMR (401 MHz, dmso) δ 8.54 (d, J = 4.8 Hz, 1H), 7.64 (td, J = 

7.8, 1.7 Hz, 1H), 7.39 (dd, J = 8.2, 5.8 Hz, 1H), 7.26 (d, J = 8.0 Hz, 1H), 7.19 (d, 

J = 8.2 Hz, 1H), 7.04 (t, J = 8.7 Hz, 1H), 6.96 (dd, J = 6.8, 5.4 Hz, 1H), 6.23 (s, 

1H), 3.95 (s, 3H), 3.90 (dd, J = 14.1, 7.0 Hz, 2H), 1.21 (t, J = 7.0 Hz, 3H). 

 

Compound 5: 1H NMR (400 MHz, dmso) δ 8.54 (d, J = 4.2 Hz, 1H), 7.64 (m, 2H), 

7.36 (d, J = 8.0 Hz, 1H), 7.27 (d, J = 8.0 Hz, 1H), 7.14 (t, J = 7.8 Hz, 1H), 6.98 

(m, 1H), 6.26 (s, 1H), 3.99 (s, 3H), 3.91 (m, 2H), 1.21 (t, J = 6.9 Hz, 3H). 

 

Compound 6: 1H NMR (401 MHz, dmso) δ 8.55 (d, J = 4.3 Hz, 1H), 7.65 (m, 2H), 

7.46 (s, 1H), 7.25 (d, J = 8.0 Hz, 1H), 7.18 (d, J = 8.2 Hz, 1H), 6.95 (m, 1H), 6.22 

(s, 1H), 3.90 (m, 5H), 1.20 (t, J = 7.0 Hz, 3H). 

 



171 

 

Compound 7: 1H NMR (400 MHz, dmso) δ 8.53 (d, J = 4.9 Hz, 1H), 7.80 (d, J = 

2.1 Hz, 1H), 7.62 (m, 1H), 7.37 (dd, J = 8.7, 2.1 Hz, 1H), 7.30 (d, J = 8.8 Hz, 1H), 

7.24 (d, J = 8.0 Hz, 1H), 6.95 (ddd, J = 7.3, 5.0, 1.0 Hz, 1H), 6.19 (s, 1H), 3.92 (s, 

3H), 3.89 (d, J = 7.1 Hz, 2H), 1.20 (t, J = 7.1 Hz, 3H). 

 

Compound 8: 1H NMR (400 MHz, dmso) δ 8.53 (s, 1H), 7.64 (t, J = 7.7 Hz, 1H), 

7.38 (t, J = 8.1 Hz, 1H), 7.25 (m, 4H), 6.96 (s, 1H), 6.23 (s, 1H), 3.92 (m, 6H), 

1.21 (t, J = 6.7 Hz, 3H). 

 

Compound 9: 1H NMR (400 MHz, dmso) δ 8.51 (d, J = 3.9 Hz, 4H), 7.60 (t, J=7.2 

Hz, 1H), 7.22 (d, J = 7.0 Hz, 4H), 7.08 (d, J = 8.9 Hz, 1H), 6.91 (m, 1H), 6.86 (s, 

1H), 6.65 (d, J=7.8 Hz, 1H), 6.12 (s, 3H), 3.88 (s, 10H), 1.19 (t, J = 7.0 Hz, 1H). 

 

Compound 10: 1H NMR (401 MHz, dmso) δ 8.61 (s, 1H), 8.55 (d, J = 5.4 Hz, 1H), 

8.21 (dd, J = 9.4, 2.1 Hz, 1H), 7.65 (t, J = 7.6 Hz, 1H), 7.43 (d, J = 9.4 Hz, 1H), 

7.27 (d, J = 7.7 Hz, 1H), 6.98 (m, 1H), 6.27 (s, 1H), 3.99 (s, 3H), 3.92 (m, 2H), 

1.21 (t, J = 6.9 Hz, 3H). 

 

Compound 11: 1H NMR (400 MHz, dmso) δ 8.54 (d, J = 4.1 Hz, 1H), 8.11 (s, 1H), 

7.65 (ddd, J = 9.2, 8.6, 5.2 Hz, 2H), 7.45 (d, J = 8.5 Hz, 1H), 7.26 (d, J = 8.0 Hz, 

1H), 6.96 (m, 1H), 6.23 (s, 1H), 3.97 (s, 3H), 3.91 (q, J = 7.0 Hz, 2H), 1.21 (t, J = 

7.0 Hz, 3H). 
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Compound 12: 1H NMR (400 MHz, dmso) δ 8.55 (d, J = 4.4 Hz, 1H), 7.76 (d, J = 

7.5 Hz, 1H), 7.60 (m, 3H), 7.48 (d, J = 7.2 Hz, 1H), 7.26 (d, J = 7.9 Hz, 1H), 6.97 

(m, 1H), 6.25 (s, 1H), 3.97 (s, 3H), 3.90 (m, 3H), 1.21 (t, J = 6.9 Hz, 3H). 

 
Compound 13: 1H NMR (401 MHz, dmso) δ 8.54 (d, J = 4.9 Hz, 1H), 7.62 (td, J = 

7.8, 1.8 Hz, 1H), 7.54 (d, J = 8.5 Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H), 6.94 (t, J = 5.6 

Hz, 2H), 6.77 (dd, J = 8.5, 2.2 Hz, 1H), 6.17 (s, 1H), 3.95 (s, 3H), 3.89 (q, J = 7.1 

Hz, 2H), 3.83 (s, 3H), 1.20 (t, J = 7.0 Hz, 3H). 

 

Compound 14: 1H NMR (500 MHz, dmso) δ 8.55 (d, J = 4.4 Hz, 1H), 8.45 (d, J = 

8.5 Hz, 1H), 8.03 (d, J = 8.0 Hz, 1H), 7.79 (q, J = 8.5 Hz, 2H), 7.63 (m, 2H), 7.55 

(t, J = 7.3 Hz, 1H), 7.28 (d, J = 7.9 Hz, 1H), 6.98 (t, J = 5.8 Hz, 1H), 6.25 (s, 1H), 

4.21 (s, 3H), 3.93 (q, J = 6.5 Hz, 2H), 1.23 (t, J = 6.8 Hz, 3H). 

 

Compound 15: 1H NMR (500 MHz, dmso) δ 8.42 (d, J = 4.9 Hz, 2H), 7.70 (d, J = 

7.7 Hz, 1H), 7.39 (q, J = 8.2 Hz, 2H), 7.29 (d, J = 5.1 Hz, 2H), 7.17 (t, J = 7.3 Hz, 

1H), 6.01 (s, 1H), 3.94 (s, 3H), 3.88 (q, J = 7.2 Hz, 2H), 1.18 (t, J = 7.0 Hz, 3H). 

 

Compound 16: 1H NMR (401 MHz, dmso) δ 8.43 (dd, J = 4.7, 1.5 Hz, 2H), 7.68 

(dd, J = 8.3, 2.6 Hz, 1H), 7.40 (dd, J = 9.0, 4.2 Hz, 1H), 7.29 (dd, J = 4.8, 1.5 Hz, 

2H), 7.22 (td, J = 9.0, 2.7 Hz, 1H), 6.02 (s, 1H), 3.92 (s, 3H), 3.88 (q, J = 7.1 Hz, 

2H), 1.18 (t, J = 7.0 Hz, 3H). 
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Notes 

This work was partially published as “Allosteric Drugs: The Interaction of 

Antitumor Compound MKT-077 with Human Hsp70 Chaperones” Rousaki A., 

Miyata, Y., Jinwal, U., Dickey, C.A., Gestwicki, J.E., Zuiderweg, E.R.P. J.Mol.Biol. 

(2011) 411, 614-632 and “Allosteric activation of Hsp70 binding promotes 

polyglutamine androgen receptor clearance and rescues toxicity in a Drosophila 

model o f SBMA” Wang, A.M., Miyata, Y., Klinedinst, S., Peng, H., Chua, J.C., 

Komiyama, T., Pratt, W.B., Osawa, Y., Collins, C.A., Gestwicki, J.E. and 

Liberman, A.P. Nat. Chem. Biol. (in press) 
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4.5 Appendices 

4.5.1 800 MHz 1H-15N TROSY spectrum of 250 M 15N, 2H, 13C Hsc70 NBD in 
the ADP state (residues 1-387). 
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4.5.2 Compilation of chemical shift changes in the 15N-1H TROSY spectra. 
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4.5.3 Nucleotide-dependent conformational changes in Hsp70 NBD 
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4.5.4 Hsc70 (HSPA8) residues in contact with the five MKT-077 docking 

families, shown in the context of the human Hsp70 (HSPA) paralogs.  
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4.5.5 Residues with chemical shift changes and their distances from MKT-

077 in the orientation modeled by AUTODOCK 
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4.5.6 Hormone and glutamine length-dependent polyQ AR oligomerization 

in Tet-ON PC12 cells 
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Chapter 5 

Conclusions and Future Directions 

 

5.1 Conclusions 

The heat shock protein 70 (Hsp70) is a major regulator of proteostasis and, thus, 

has been thought to have an important role in protein misfolding diseases. As 

discussed in Chapter 1, genetic evidence had previously suggested Hsp70’s role 

in tau processing; however, its potential as a therapeutic target had not been 

explored largely due to the scarcity of chemical tools. This thesis work focused 

on developing chemical modulators of Hsp70 and using them to better 

understand the relationship between Hsp70’s function and tau stability.  

 

When the Gestwicki laboratory started in 2005, there were only a few small 

molecules known to interact with Hsp70 and they were poorly characterized [1]. 

In order to rapidly identify new chemical scaffolds with affinity for Hsp70, Lyra 

Chang, a former graduate student in the group, developed the first HTS method 

for the ATPase activity of Hsp70 [2]. When I started my graduate studies, I 

worked with Lyra to transition from 96- to 384-well format, enabling the screening 

of larger, diverse libraries. Because the original HTS method was colorimetric 

and there was a significant loss of sensitivity in 384-well plates, Lyra and I took 
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advantage of the intrinsic fluorescence properties of white microtiter plates and 

converted the colorimetric assay to a fluorescence mode. Using this method, we 

then screened both diversity and focused compound libraries and identified new 

inhibitors and activators (Chapter 2). Based on the protocol that Lyra and I 

developed, the Gestwicki laboratory continues to actively use this screening 

platform. For example, two other lab members recently completed a screen of 

100,000 compounds to identify additional Hsp70 inhibitors. Moreover, other 

academic and industrial colleagues have adapted this method, suggesting that it 

is a robust approach. Thus, I think that one of my major contributions over the 

past 4.5 years has been the careful development of this HTS protocol. 

 

Another goal for my thesis was to characterize the mechanism of newly 

discovered Hsp70 inhibitors and use these compounds to clarify the potential of 

Hsp70 as a drug target in tauopathies. With a battery of Hsp70 chemical 

modulators in hand from the HTS efforts, I collaborated with the Dickey group to 

“tune” the ATPase activity of Hsp70 and study the impact on tau. Because 

overexpression of Hsp70 had been known to reduce tau levels [3], we initially 

expected that Hsp70 activators would have the same effect. Surprisingly, we 

observed the opposite result! Inhibitors reduced tau levels while the activators 

promoted accumulation. This is an important finding because it strongly 

supported the idea that Hsp70 is a double-edged sword and it suggested that the 

kinetics of ATP turnover may be a critical factor in making triage decisions. 

Based on the findings described in this thesis, further studies on the mechanisms 
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of Hsp70-mediated quality control are a major objective of the Gestwicki 

laboratory. 

 

The third major objective of my thesis was to characterize the mechanism of new 

Hsp70 inhibitors. Subsequent mechanistic study on one of the inhibitors, 

methylene blue (MB), serendipitously revealed a significant difference between 

stress inducible Hsp72 and constitutively expressed Hsc70 in responding to 

oxidative stress (Chapter 3). Although I did not originally intend to study redox 

reactivity in Hsp70 variants, this work took an interesting and potentially 

important turn. To our knowledge, this is the first evidence showing that Hsp72 

and Hsc70 have distinct functions under stress conditions. Further, these results 

could have a major impact on drug discovery for AD because MB is currently in 

Phase III trials.  

 

Although my work on the MB mechanism was quite interesting and unexpected, 

this scaffold was not amenable to medicinal chemistry; thus, I set out to develop 

more potent Hsp70 inhibitors that were based on the MKT-077 scaffold. MKT-

077 initially caught my attention during the preparation of a review of known 

Hsp70 inhibitors because it has potent anti-cancer activity and it has been 

explored in Phase I clinical trials [4-6]. However, despite the promise of this 

scaffold, little work on its binding site or mechanism had been explored, which 

motivated me to further study this system. Using NMR and molecular modeling, 

we showed that MKT-077 binds Hsp70 at a site immediately below the nucleotide 
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binding pocket. Further, we found that the compound stabilizes the ADP state of 

Hsp70 and increases its affinity for substrates. This finding was significant 

because its functional effect on Hsp70 was different from any other Hsp70 

modulators we had developed at the time.  This novel mechanism led us to use 

MKT-077 derivatives as chemical tools to study the relationship between Hsp70’s 

affinity for substrates and their stability. Using an MKT-077 analog and the co-

chaperone Hip, which has the same in vitro effects on Hsp70 as MKT-077, we 

showed that increasing Hsp70’s affinity for clients leads to proteasomal 

degradation of polyQ AR. Together, these results demonstrate that chemical 

probes for Hsp70 are powerful tools in studying complex chaperone biology and 

provide insight into how triage decisions are made.  

 

Finally, we showed that an uncharged MKT-077 derivative, YM8, can cross the 

blood-brain barrier (BBB) while maintaining its binding to Hsp70 and activity to 

reduce tau in HeLa cells. Because BBB permeability is often the major hurdle in 

developing central nervous system (CNS) targeting drugs, these results suggest 

strong promise of this chemical scaffold for the treatment of tauopathy. To 

improve potency and metabolic stability, we synthesized 16 member library of 

uncharged MKT-077 analogs based on the docking model. We found that 

fluorine and chlorine substitutions at C-5 and C-6 on the benzothiazole ring 

increase the compound affinity for Hsp70 in vitro, consistent with the docking 

results. While more structure activity relationship (SAR) and pharmacokinetic 

analyses are needed, these favorable properties warrant further development as 
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a drug lead.  

 

When I started in the Gestwicki laboratory, there were only a few Hsp70 

modulators known and the methods for HTS were still under development. My 

major contributions to the field (described in this thesis) were the development of 

384-well methods for HTS (Chapter 2), development of the first model linking 

Hsp70’s ATPase activity to substrate fate (Chapter 3) and the development of the 

first potent and well-characterized Hsp70 inhibitors (Chapter 4). Together, this 

work significantly advanced the field and, collectively, these studies strongly 

indicate that Hsp70 is a potential therapeutic target for tauopathies. However, 

these studies are really only the beginning. In the next sections, I will discuss 

some ideas for how the work of Chapter 2-4 might provide a framework for 

further exploring Hsp70 as a drug target. 

 

5.2 Future Directions 

5.2.1 Identifying co-chaperones that are involved in “low affinity” and “high 

affinity” complexes 

Although components of the “folding” and “degradation” complexes have been 

suggested [7], little is known about what is responsible for switching between 

them. Because the results in Chapters 3 and 4 suggest that substrate dwell time 

may be an important factor in determining substrate fate, it is likely that ATP- and 

ADP- forms of Hsp70 have different co-chaperone interactomes. Specifically, it is 

expected that the ADP state has more interactions with degradation factors. 
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Other members of the Gestwicki laboratory recently identified molecular 

chaperones that are associated with soluble and aggregation-prone polyQ 

fragments using chemical probes and mass spectrometry [8]. Furthermore, 

Andrea Thompson, a graduate student in our group, recently used MB and mass 

spectrometry to identify what molecular chaperones are interacting with tau when 

it is targeted for degradation (Thompson, et al. unpublished data). I think that an 

important next step is to take a similar strategy to explore how MKT-077 changes 

the co-chaperones bound to Hsp70 in the ADP-like conformation. Specifically, 

mass spectrometry in the presence of the compound may identify the 

components of the Hsp70 chaperone complex in the high affinity state (Figure 

5.1). Based on currently available data, for example, we expect to find an E3 

ligase such as CHIP in this state. In contrast, “pro-folding” factors such as HOP 

might be enriched in the control sample (i.e. no MKT-077). This work could be 

supplemented with other compounds, such as 115-7c, and point mutants in 

Hsp70. The results obtained in this proposed experiment might further clarify the 
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relationship between nucleotide state and recruitment of degradation factors. 

 

5.2.2 Identifying modulators of protein-protein interactions 

As discussed in Chapter 1, another strategy to alter tau stability is to modulate 

protein-protein interactions within the Hsp70 chaperone complex. Even within the 

same co-chaperone family, individual isoforms have been known to have 

different effects on tau (e.g. BAG1 and BAG2). Accordingly, it will be beneficial to 

build a library of chemical modulators that specifically block each chaperone/co-

chaperone interaction. To date, we have extensively used the ATPase activity of 

Hsp70 as readout to identify chemical modulators; however, other members of 

our group recently showed that ATPase activity does not necessarily correlate 

with other Hsp70 functions [9]. Therefore, it will be useful to look at specific 

physical interactions between Hsp70 and its co-chaperones. For examples, 

Srikanth Patury in our group developed a flow cytometry-based binding assay 

platform to monitor the 

interaction between Hsp70 

and the BAG proteins 

(Figure 5.2). This platform 

is amenable to HTS and, 

thus, it may be used to 

screen for small molecules 

that perturb the interaction. 

In addition, Matt Smith, 
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another graduate student in 

the laboratory, developed a 

FRET-like assay to measure 

binding of Hsp70 to CHIP 

(Figure 5.3). In this assay, 

binding partners are labeled 

either with a fluorophore or a 

quencher and the binding event can be monitored by quenching of the 

fluorescent signal. This assay has successfully been used to investigate 

spergualin analogs, which have been speculated to block the interaction (data 

not shown). These methods are generally applicable to other Hsp70/co-

chaperone combinations and may provide an avenue for developing small 

molecule modulators of the protein-protein interactions.  

 

5.2.3 Optimizing neutral MKT-077 derivatives as drug leads 

Although we developed BBB permeable MKT-077 derivatives that reduce tau 

levels in cells, they need to be further optimized in order to be tested in animals. 

For example, YM8 is not a very stable compound; 80% of the compound is gone 

within 10 minutes in mouse liver microsome (Lee, et al. unpublished data). Mass 

spectrometry experiments indicated that YM8 is extensively oxidized at the 

benzothiazole and pyridinium moieties. In addition, YM8 has poor solubility, 

which makes administration into animals difficult. For other benzothiazole 

compounds, it has been suggested that C-5 and C-6 are oxidized by cytochrome 
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P450 [10,11]. Therefore, it will be interesting to test our uncharged MKT-077 

derivatives with substituents at those positions (compounds 2, 3, 6, 7) in the 

microsome stability assay. Because our in vitro studies demonstrated that these 

compounds are more potent than the original scaffold (YM8), these substitutions 

may confer higher overall in vivo efficacy. Currently, Dr. Xiaokai Li is synthesizing 

compounds with a variety of subusitutions at C-5 and C-6. We expect that these 

molecules may provide further insight into the interaction between the MKT-077 

scaffold and Hsp70, which would help us design more potent Hsp70 inhibitors. 

Furthermore, we plan to explore potential contacts beteen the pyridinium moiety 

and the protein by synthesizing compounds with substitutions on the ring as well 

as other basic heterocylces such as pyrimidine and imidazole. By incorporating 

both binding and pharmacokinetic data, we expect to develop a drug lead with 

low to mid nano molar affinity and enhanced stability. Binding of best compounds 

to Hsp70 will be further characterized by NMR and other methods available in 

our laboratory. Finally, a candidate compound will be tested in a mouse model of 

tauopathy.  

 

5.3 Final Thoughts 

The last few years have been very exciting for the Gestwicki laboratory as we 

started to understand some aspects of Hsp70 functions and to demonstrate its 

potential as a therapeutic target. Importantly, much of our progress and 

contribution to the field of chaperone biology owe to the chemical probes 

described throughout this thesis and others developed in our group. It is 
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noteworthy that all this was made possible by interdisciplinary collaborations with 

others inside and outside our laboratory. Because Hsp70 chaperone machinery 

is multifunctional by nature and is regulated by multiple co-chaperones, which 

exponentially adds complexity, chemical biology approach seems to be a perfect 

fit for studying this system. The more chemical probes we develop and more 

people use them in a variety of biological systems, the better we understand the 

biology of Hsp70. 
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