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Abstract

Misregulation of tau, an intrinsically disordered protein, is implicated in
Alzheimer’s disease (AD) and more than 15 related tauopathies. These diseases
are characterized by the accumulation of tau aggregates into insoluble
neurofibrillary tangles (NFTs), which contribute to neurodegeneration. As
discussed in Chapter 1, accelerating the clearance of tau is an emerging
treatment strategy. The molecular chaperone heat shock protein 70 (Hsp70)
binds tau and facilitates its degradation, making it a particularly attractive target
for normalizing tau homeostasis. It was recently discovered that the
rhodacyanine MKT-077 and its analogs bind Hsp70 and accelerate the
degradation of pathogenic tau in multiple disease models. In Chapter 2, | was
interested in using MKT-077 analogs as probes to better understand this
mechanism. We found that MKT-077 analogs bind to an allosteric site on Hsp70,
stabilizing the ADP-bound conformation and increasing tau binding. These
molecules also disrupted protein-protein interactions between Hsp70 and its co-
chaperones. These findings suggest that the affinity of Hsp70 for its substrates,
like tau, is correlated with degradation. While exciting, it still was not clear which
of the Hsp70 paralogs was most important for this process. There are thirteen
Hsp70 genes in humans, including those expressed in the mitochondria and

endoplasmic reticulum (ER). In Chapter 3, | used CRISPR/cas9 technology to

X1v



understand the targets of the MKT-077 analogs, showing that some of the
compounds are selective for mitochondrial Hsp70, while others require the ER
paralog. This selectivity seemed to emerge from differential subcellular
partitioning of the analogs, as suggested by fluorescence microscopy. These
results are important for better understanding the roles of Hsp70 in tau
homeostasis, because we could then select molecules that were relatively
paralog-selective and ask how well they reduce tau levels. Using this approach, |
found that the ER version of Hsp70 seemed to be an excellent target for
accelerating tau degradation, potentially through regulating stress response.
Consistent with this finding, | found that over-expression of ER Hsp70 promotes
tau clearance. As discussed in Chapter 4, these results have important
implications for therapeutic treatment of tauopathies. In addition, these findings

provide new insights into mechanisms of Hsp70-mediated tau homeostasis.
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Chapter 1
Molecular Chaperones as Therapeutic Targets

for Restoring Tau Homeostasis

11 Introduction

Normal tau homeostasis is achieved when there is balance in its synthesis,
processing and degradation. Together, the pathways that regulate tau
homeostasis ensure that the protein is at the proper levels and that its post-
translational modification (PTMs) and subcellular localization are appropriately
controlled. These pathways include the enzymes responsible for PTMs, those
systems that regulate mMRNA splicing and the molecular chaperones that control
tau turnover and its binding to microtubules. In tauopathies, this delicate balance
is disturbed. Tau becomes abnormally modified by PTMs, it loses affinity for
microtubules and it accumulates in proteotoxic aggregates. How and why does
this imbalance occur? In this chapter, we discuss how molecular chaperones and
other components of the protein homeostasis (e.g. proteostasis) network
normally govern tau quality control. We also discuss how aging might reduce the
capacity of these systems and how tau mutations might further tip the balance.
Finally, we discuss how small molecules are being used to probe and perturb the
tau quality control systems, playing a particularly prominent role in revealing the
logic of tau homeostasis. As such, there is now interest in developing these
chemical probes into therapeutics, with the goal of restoring normal tau

homeostasis to treat disease.



1.2 Tau’s role in neurodegenerative diseases

Tau is a microtubule-associated protein that is normally soluble but has a
propensity to aggregate into oligomers, paired helical filaments (PHFs) and
neurofibrillary tangles (NFTs). A group of neurodegenerative diseases that are
characterized by the appearance of NFTs are classified as tauopathies, including
some forms of Alzheimer’s disease (AD), frontotemporal dementia with
parkinsonism linked to chromosome-17 (FTDP-17) and progressive supranuclear
palsy (PSP). A subset of FTDP-17 cases are caused by mutations in tau,
providing a direct link between tau dysfunction and disease [1]. Moreover, the
levels of NFT pathology closely correlate with AD progression [2] indicating that
normal wild-type tau is readily corrupted by the cellular conditions that promote
disease. There is also evidence from an AD mouse model indicating that tau is
required for some aspects of the observed pathologies [3]. Recent reviews
further detail the links between tau and neurodegeneration [4, 5] and outline the
features of the animal models [6]. Here, we will focus on how tau protein levels
are maintained, how disease-associated changes in tau disrupt this balance and

how this knowledge can be used to design new therapeutic strategies.

1.3  Tau structure and function

Tau is a member of a family of microtubule-associated proteins (MAPs) that
directly bind tubulin and are implicated in microtubule dynamics. Tau was
originally identified as an important factor for microtubule assembly or stability [7]
however, more recent studies argue that this particular function is not essential or
is redundant with other MAPs [8, 9]. Tau expression is mainly restricted to the
nervous system, where it is abundant in neurons and at much lower levels in glial
cells, such as oligodendrocytes and astrocytes [10-12]. In neurons, tau is
primarily localized to the axons where it co-localizes with microtubules [13]. The

tau protein is encoded by the MAPT gene and alternative splicing of exons 2, 3



and 10 generates the 6 main isoforms that are expressed in the adult brain [14].
NMR studies have shown that tau proteins are disordered in solution, only
transiently sampling secondary structures [15]. Nevertheless, tau sequence
characteristics can be used to define major regions within the protein including
an N-terminal domain, a poly-proline region, a microtubule-binding repeat
(MTBR) region, and a C-terminal segment (Figure 1.1). The MTBR region is

comprised of imperfect repeat sequences (31 or 32 residues each) that, along
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Figure 1.1 Map of the modifications and interaction sites on the tau sequence. A schematic of the longest
adult isoform of tau (2N4R) is depicted. Several regions within the tau sequence are highlighted including
two amino terminal inserts (N1, N2), a poly-proline region and the microtubule-binding repeat region
composed of 4 imperfect repeat sequences (R1-R4). Alternative splicing of N1, N2, or R2 leads to the
generation of 6 tau isoforms expressed in adults. The sequences of the two known aggregation motifs are
shown, located within R2 and R3 of tau. All the known disease-associated missense mutations and the risk
factor variant, A152T (grey), are mapped. Intronic mutations linked to tauopathies are not shown. Missense
mutations observed to kinetically favor increased (red) or decreased (green) aggregation in vitro are colored.
Grey boxes show mutations that alter splicing of the R2 repeat. Dashed underlines show mutations that
display decreased affinity for microtubules. A selection of post-translational modifications associated with
disease are mapped and color-coded as indicated in the figure. Below the tau sequence schematic, regions
of tau that interact with binding-partners are charted.



with the polyproline region, mediate interactions with microtubules [16-18].
Differential splicing of exon 10 generates either 4 or 3 microtubule-binding
repeats (termed 4R or 3R) and the 4R forms have tighter affinity for microtubules

[19] and nucleate microtubule assembly better than 3R isoforms [20].

1.4 Normal protein-protein interactions with tau

Like many intrinsically disordered proteins (IDPs), tau interacts with multiple
protein partners (for an overview see [21]) (Figure 1.1). In addition to tubulin, tau
also binds actin [22], kinesin [23, 24] and dynactin [25, 26]. These interactions
strongly link tau to trafficking and axonal transport. Indeed, overexpression of tau
impairs both vesicle and mitochondrial transport [27-29]. Tau also binds to a
number of kinases, phosphatases, proteases and acetylases that are involved in
post-translational modifications (PTMs). For example, fyn kinase binds PXXP
motifs in the polyproline region of tau [30] and phosphorylates its N-terminus at
Tyr18 [31]. Finally, as discussed in greater detail within this chapter, molecular
chaperones are also prominent protein partners of tau. For example, heat shock
protein 70 (Hsp70) and heat shock protein 90 (Hsp90) both bind tau within the
MTBRs [32, 33] and regulate its turnover [34]. Together, these protein-protein
interactions (PPIs) between tau and its many protein partners help regulate its
trafficking, its PTMs and its turnover. Thus, to understand tau homeostasis, one
must understand its interactions with itself (i.e. aggregation) and its interactions

with these partners.

1.5 Aberrant interactions of tau

One of the hallmarks of tauopathies is that tau’s PPIs are altered [21], meaning
that some of the interactions are favored and others are reduced. The most
dramatic example of this change is the increase in tau-tau interactions, which
lead to its aggregation. Two aggregation motifs within the MTBRs are required

this process and several mutations in this region prevent self-assembly [35, 36].



However, this same region is also required for binding to microtubules. When tau
is not in contact with microtubules, these regions acquire an abnormal, beta-
sheet-rich structure that favors amyloid formation [17, 35, 37]. Further, cysteines
within the MTBRs can cross-link tau monomers, which also promotes
aggregation [38]. The importance of the MTBRs suggests that the loss of tau-
microtubule interactions and the build up of unbound cytosolic tau may be a step
towards aggregation. However, tau is surprisingly soluble in vitro. Accelerants,
particularly poly-anionic molecules such as heparin or fatty acid micelles, are
required to initiate aggregation in vitro [39]. It is thought that a similar aggregation
trigger, such as RNA or polyglutamates [40, 41], might be similarly required in

Vivo.

Tau aggregation leads to the formation of an ensemble of aggregate structures,
including oligomers and fibrils, that are found in tissue samples from AD and PSP
[42, 43]. Although it isn’t yet clear which tau structures are most toxic, it is likely
that oligomers are especially detrimental to cells as they decrease cell viability
more potently than tau fibrils [44] and antibodies against oligomers of tau are
protective when administered to tauopathy animal models [45, 46]. Further, tau
oligomers seem to spread in the brain and in cell culture, exhibiting prion-like
characteristics [47-50]. A cell-to-cell transmission of tau aggregates fits with the
characteristic spreading of pathology from an epicenter to connected brain

regions observed in disease.

1.6 Tau mutations and disease-associated PTMs

Thus far, 53 pathogenic mutations within the MAPT gene encoding tau have
been reported [51] (Figure 1.1). There are also reports of risk factors linked to
MAPT including the A152T variant within the protein coding region [52] and the
MAPT variation associated with the H1 haplotype [53]. The pathogenic mutations
can be broadly characterized as missense/deletion mutations or intronic
mutations. The vast majority of the mutations cluster to the MTBRs, perhaps

underscoring the role played by dynamic microtubule binding and self-assembly.



The mechanism(s) of toxicity that occur due to MAPT mutations remain poorly
understood. The intronic mutations and even some coding mutations promote
inclusion of exon10 and lead to increased expression of 4R tau [54, 55]. In vitro,
4R tau binds to microtubules with a higher affinity than 3R isoforms [20, 56] but
4R tau also aggregates with faster kinetics than 3R tau [38] and 3R can inhibit
4R aggregation [57]. Thus, one could speculate that an imbalance in 3R versus
4R contributes to disease. Other coding mutations do not seem to alter splicing.
Rather, they reduce microtubule affinity and/or increase aggregation compared to
wild-type (Figure 1.1) [58-62]. It is tempting to speculate that these biochemical
features are the major determinants of tauopathy. However, this possibility is
unlikely because the age of onset, duration, clinical symptoms, and
neuropathology differ between individuals harboring related mutants and
sometimes for patients with the same mutation [63]. This data strongly suggests
that other factors contribute to tau pathology. One possibility is that
environmental or other genetic factors tune the response to tau mutations [64-
66]. Another fascinating possibility is that specific mutations alter tau’s PPI
network (see Figure 1.1), perhaps releasing proteins that protect against disease

and/or favoring partners that are detrimental.

Although mechanistically informative, the vast majority of tauopathies are not
associated with tau variants. Rather, abnormal PTMs appear to be closely linked
to NFTs and disease. Tau is potentially subject to over 100 PTMs, including
phosphorylation, acetylation, proteolytic cleavage, glycosylation, ubiquitination,
sumoylation, amination, nitration, oxidation, and methylation [67, 68]. Increases
in tau phosphorylation have been most extensively linked to tau pathology. Tau
in normal brain is phosphorylated at an average of 2-3 residues per molecule,
while tau from AD brain contains 3- to 4-fold more phosphorylated residues [69].
Indeed, antibodies recognizing phospho-epitopes, such as AT8, AT180, PHF1,
are commonly used to mark neuropathology in all tauopathies [70, 71]. However,

a clear cause-and-effect relationship between hyperphosphorylation and disease



initiation remains to be demonstrated and tau hyperphosphorylation is associated
with normal development [72] and animal hibernation [73]. Despite this, there is
some evidence that hyperphosphorylated tau has weakened activity in
microtubule assembly assays and that it assembles into oligomers more readily
[74]. Multiple kinases have been reported to phosphorylate tau but the kinases
and sites relevant to disease remain poorly defined [67]. The kinases GSK33, fyn
and Cdk5 have all been implicated in abnormal tau phosphorylation and
inhibitors for these kinases are currently being developed as therapeutics [75-
77]. One phosphatase, PP2A, has also been identified as the major tau
dephosphatase in vivo and there are small molecules that enhance PP2A’s
activity and reduce tau phosphorylation [78-80]. Ubiquitination of tau may serve
to mark abnormal or free cytosolic tau for chaperone-mediated degradation [81,
82]. Multiple ubiquitination sites have been identified through mass spec analysis
of PHF-tau preparations [83-85] however, the requirement of these specific sites
for the degradation of tau has not been confirmed. At least two acetylation sites
on tau, at residues K280 and K274, correlate with other markers of tau
neuropathology [86]. In vitro, multiply acetylated tau has a decreased propensity
to form fibrils [87, 88], perhaps suggesting that acetylation is protective. Cleaved
fragments of tau are released by proteolysis and these fragments have been
observed in NFTs isolated from AD patients [89, 90]. The most well characterized
cleavage site, at D421, is generally attributed to proteolytic activity of caspase 3
[91] although multiple caspases can cleave the same site in vitro [92]. Cellular
assays provide evidence that truncation at D421 leads to defects in microtubule
binding [93], preferential degradation by autophagy [94], mitochondrial
dysfunction [95], and enhanced secretion from cells [96]. Interestingly, D421
truncated tau has been detected in the CSF from AD patients and its levels
inversely correlate with cognitive decline [97]. Methylation is the main
modification of tau lysines observed in normal brain [98] and its levels are

decreased in AD tau samples [85].

Similar to what was discussed for disease-associated mutations, one can



imagine how aberrant PTMs might weaken favorable PPIs and/or strengthen
self-association. These events might even be synergistic, as evident by
observations that the R406W tau mutation leads to higher rates of tau
phosphorylation in vitro [99]. The emerging theme is that tau normally engages in
a dynamic series of PPIs and PTMs. These events are important for tau’s
function in trafficking and its normal turnover. However, disruption of this delicate
balance, either triggered by aging, mutations, trauma or other initiating event,
leads to a re-modeling of the tau-associated PPIs. The net effect of this abnormal

PPI state is that tau becomes aggregated and loses affinity for microtubules.

1.7  Points of intervention for treating tauopathies

The path towards the treatment of neurodegenerative tauopathies will likely
involve the re-balancing of tau interactions (Figure 1.2). Perhaps the simplest
form of this concept is to directly inhibit its aggregation [100]. Other initiatives
have focused on small molecules that favor the normal PPIs of tau by stabilizing
microtubules [101]. The idea behind this approach is that tau cannot aggregate if
it is bound to microtubules because the MTBRs contain the essential aggregation
motif. As mentioned above, other approaches have targeted the enzymes
involved in tau PTMs, such as kinases or phosphatases. The challenges with
these approaches is that it isn’t clear whether the small molecules can be safely
deployed in a way that normalizes tau PPls and PTMs. However, ongoing pre-

clinical programs are likely to answer this critical question.

Another promising way to treat tauopathies is to accelerate its turnover or reduce
its levels. Tau™ knockout mice display only subtle phenotypes [3, 102], arguing
that tau may not be critical in adult animals or that it can be compensated for by
other MAPs. One means of clearing tau is to target tau at the mRNA level with
anti-sense oligonucleotides [103]. Another is with therapeutic antibodies [104,
105] or molecules that block tau translation [106]. As above, these approaches

are being explored in pre-clinical programs. In the next sections, we focus on



another way to normalize tau homeostasis by targeting proteins that maintain its

quality control.
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Figure 1.2 Possible mechanisms for restoring tau homeostasis. Tau homeostasis is defined as a product of
its synthesis, its normal cycling on microtubules, its chaperone-mediated clearance, its aggregation and its
spreading from cell-to-cell. Each of these stages of tau’s life cycle is a potential site of pharmacological
intervention. The goal would be to normalize tau homeostasis and re-balancing its levels.

1.8 Molecular chaperones regulate tau homeostasis

The molecular chaperone network consists of several chaperone systems, which
intersect and work cooperatively to maintain protein homeostasis. Chaperones

are particularly vital for maintenance of proper tau structure and function [107-



109]. For example, Hsp90 and Hsp70 assist in proper tau assembly with the
microtubule [110]. In addition, Hsp90 and Hsp70 can facilitate the clearance of
toxic forms of tau by acting as scaffolding proteins for degradation pathways,

including both the UPS and autophagy-lysosome pathways [111-115].

1.9 The Hsp70 sub-network regulates tau stability

The 70 kDa molecular chaperone, Hsp70, has two domains: a nucleotide-binding
domain (NBD) responsible for binding and hydrolyzing ATP and a substrate-
binding domain (SBD) that interacts with clients (Figure 1.3), such as tau. The
nucleotide-state of the NBD allosterically regulates substrate binding in the SBD
[116]. Specifically, ATP binding causes the SBD to dock with the NBD, allowing
clients to bind. Then, hydrolysis of ATP releases the SBD-NBD interaction, which
causes a “lid” subdomain in the SBD to close on top of its clients [117]. The
cycling of Hsp70 through these conformations is regulated by co-chaperones
(Figure 1.3). J-proteins bind between the NBD and SBD to accelerate ATP
hydrolysis [118], while nucleotide exchange factors (NEFs) bind the NBD and
help release ADP [119]. Other co-chaperones for Hsp70 include the C-terminus
of Hsc70 interacting protein (CHIP), which is an E3 ligase that adds ubiquitin
chains to tau [81]. Overexpression of CHIP decreases tau levels [81, 82, 113],
showing the dramatic effect of this system on tau homeostasis. Binding of tau to
the Hsp70-CHIP complex leads to ubiquitin-mediated degradation of tau and
subsequent prevention of tau aggregation [111, 120, 121]. Other co-chaperone
interactions also regulate tau levels. For example, Bag-1 is a NEF for Hsp70 that,
when over-expressed, increases total tau levels [122]. Knockdown of Bag-1
decreases total tau, but, counter-intuitively, increases the levels of hyper-
phosphorylated tau [122]. Bag-1 also links the Hsp70 chaperone network to the
UPS [123, 124], and may associate with Hsp70 client proteins to target them for
degradation. Another Hsp70 NEF, Bag-2, promotes ubiquitin independent
degradation of phosphorylated tau [125]. Thus, the fate of tau is partly
determined by which NEF (i.e. Bag-1 vs. Bag-2) is associated with the Hsp70-tau

complex. The J-proteins are also linked to controlling tau homeostasis. DnaJA1
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is a co-chaperone that facilitates degradation of tau through the UPS [126].
Likewise, overexpression of DnaJB1 and DnaJB2 also reduce tau levels in an
Hsp70 dependent manner [127]. Finally, Hsp70 isoforms can have distinct effects
on tau stability [33]. Hsc70 (HSPAS8), the cytosolic paralog, partitions tau onto
microtubules [33, 128]. In contrast, Hsp72 (HSPA1A), the closely related and
stress inducible paralog, promotes tau dissociation from microtubules and its
trafficking to the proteasome [33]. This result is highly surprising, as Hsc70 and
Hsp72 are nearly identical, yet subtle differences in their C-terminal domains

appears to dictate diametrically opposed activities, as revealed by chimeric
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Figure 1.3 Hsp70 ATPase cycle is regulated by co-chaperones. J-proteins and NEFs facilitate ATP
hydrolysis and ADP release respectively. Co-chaperones like CHIP, when bound to the C-terminus of
Hsp70, lead to ubiquitination of Hsp70 substrates.

In many ways Hsp70 acts as a scaffold, which binds tau and uses co-chaperone
PPIs to shuttle it to either degradation or retention pathways. Accordingly, a key
interaction for tau homeostasis is its direct binding to Hsp70s. There are multiple

binding sites for Hsc70 and Hsp72 on tau. Peptide microarray experiments and



mutations have shown that Hsp70s bind three sites in or near the MTBRs and an
additional site in the N-terminus [129, 130]. The N-terminal tau binding site is
specific for Hsp72 and may contribute to the selective pro-degradation effects of
this isoform on tau [129]. NMR results confirm that Hsp70 binds two short
sequences of 4RON tau in the second and third repeat regions, specifically the
aggregation motifs 2”°VQIINK*? and *®*vQIVYK>"" [33]. Binding of Hsp70s to
these hydrophobic, repeat domains suggests that they may work to prevent tau
aggregation by sequestering free tau that has been released from the
microtubule. In other words, tau aggregation may be suppressed by being bound
to either microtubules or Hsp70s. Indeed, Hsp70 can block tau aggregation in
vitro [131].

(A) Hsp70, its co-chaperones and some of its inhibitors
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Figure 1.4 Focus on the molecular chaperones, Hsp70 and Hsp90, that are important for tau homeostasis.
(A) Hsp70 and (B) Hsp90 are shown, along with a sampling of the co-chaperones and chemical inhibitors
discussed in the text. Together, these systems coordinate tau quality control. Chemicals that inhibit specific
aspects of chaperone function have been shown to promote tau turnover.

1.9.1 Modulators of Hsp70 and their effects on tau stability

In part, the central role of Hsp70 in tau homeostasis has been clarified and

revealed through the use of small molecule agonists and antagonists. This

12



“chemical biology” approach is based on the idea that perturbing the function of
Hsp70 and its PPIs with co-chaperones might be a powerful way to find drug
targets within the Hsp70 sub-network. This concept is illustrated by recent
studies using the rhodacyanine MKT-077 and its analogs (Figure 1.4A). These
compounds bind the NBD of Hsp70 [132] and allosterically decouple NEF
interactions [133, 134]. Treatment with these molecules reduces the levels of
phosphorylated tau in multiple cellular models of tauopathy [127, 135]. Treatment
with one analog, YM-01, also reduces tau levels in brain slices from rTg4510 tau
transgenic mice and restores normal long-term potentiation (LTP) [127]. The
same molecule has no effect on wild type tau from normal mice and, in cell
models, YM-01 has preferential activity against hyper-phosphorylated tau.
However, if the microtubule network is chemically disrupted, YM-01 is now able
to effectively reduce even wild type tau. Together, these results suggest that
Hsp70 only acts on tau that is dissociated from microtubules, consistent with the
known binding site of the chaperone. This is an important distinction because
eventual clinical use of an Hsp70 agonist might depend on the safe and selective
activity on only abnormal, and not functional, tau. In Chapter 2, | describe my
efforts to describe the molecular mechanisms by which YM-01 and its analogs
promote clearance of tau through Hsp70 and in Chapter 4, | further explore the

paralogs of Hsp70 that are responsible for the compound’s activity.

Beyond these compounds, other modulators of the Hsp70 multi-protein system
have been described [136, 137]. Of note, the flavonoid-based natural product
myricetin reduces tau levels through inhibition of Hsp70 interactions with J-
proteins [136, 138]. In contrast, the dihydropyrimidines SW-02 and 115-7¢c
activated Hsp70 ATPase turnover, which resulted in an increase in total tau
levels in vivo [136, 137]. Interestingly, additional neurodegenerative markers
such as alpha-synuclein and TDP-43 were not sensitive to treatment with Hsp70
modulators, indicating that chemical manipulation of Hsp70 can selectively target

tau without necessarily interrupting homeostasis of other proteins [136].
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1.9.2 Hsp90 and its co-chaperones regulate tau stability

Hsp90 is another molecular chaperone that tightly controls tau fate [139]. Hsp90
is a homodimer with each protomer consisting of three domains: an N-terminal
ATP-binding domain (NTD), a middle domain (MD) for binding client proteins and
a C-terminal domain (CTD), which stabilizes Hsp90 dimer formation (Figure
1.4.B). Like Hsp70, Hsp90 has an ATPase cycle that is regulated by co-
chaperones, which direct conformational changes between open and closed
states of Hsp90 [140]. The co-chaperone Aha1 binds the MD of Hsp90 and
increases ATP hydrolysis through stabilization of the closed ATP-bound state of
Hsp90 [140, 141]. The NTD binding co-chaperone p23 also stabilizes the closed
state of Hsp90 and traps substrate clients while accelerating ATP hydrolysis
[142]. In the closed ATP state, Hsp90 has a high affinity for its substrates. These
trapped client proteins can then be modified by Hsp90 co-chaperones to initiate
refolding or degradation, and upon ATP hydrolysis, substrates are released from
the MD. For example, Hsp90 and CHIP coordinate to ubiquitinate phosphorylated
tau, like the Hsp70-CHIP complex, leading to its degradation by the UPS [143].
Another co-chaperone, Cdc37, inhibits Hsp90 ATPase activity through binding to
the NTD and MD and delaying the formation of the closed state of Hsp90, a rate-
limiting step of the ATPase cycle [144]. Hsp90 and its co-chaperones have been
linked to tau proteostasis through promotion of tau degradation as well as tau
“refolding” (e.g. re-binding to microtubules). Knockdown of Aha1, p23 or Cdc37
decreases both total and phospho-tau levels [143, 145]. Upregulation of Cdc37
preserves total tau and phospho-tau but has no effect on alpha-synuclein [146].
Cdc37 localizes kinases important for tau phosphorylation to the Hsp90-tau
complex; therefore, it is not surprising that changes in expression of this co-
chaperone have dramatic effects on tau retention and clearance. Similarly, the
Hsp90 co-chaperone, FKBP51, stabilizes tau and promotes its aggregation by
preventing CHIP-mediated ubiquitination [147]. FKBP52 is another Hsp90 co-
chaperone close in structure and function to FKBP51; however, this co-
chaperone preferentially binds phospho-tau and prevents it accumulation in vivo

[148]. The differential effects of co-chaperones on Hsp90-tau complexes
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emphasizes that the outcome of client interactions are dependent on which co-
chaperones are bound [149]. This model further supports the idea that targeting
specific chaperone PPIs may be the most tunable approach to removing distinct,

abnormal pools of tau.

The Hsp90 network is linked to the Hsp70 network through the shared co-
chaperone, HOP. Hsp90 and Hsp70 form well characterized complexes with
HOP, which allow for the exchange of substrate clients between these protein
networks [150, 151]. In the case of tau, it is reported that tau can be transferred
from Hsp70 to Hsp90 before its degradation [129, 152]. The Hsp90 binding site
on 4RON tau consists of the entire MTBR which overlaps with the two Hsp70
binding sites in the 3R and 4R repeat domains, suggesting that these
chaperones likely do not bind tau simultaneously [32, 129]. Interestingly, transfer
of tau between Hsp70 and Hsp90 may also facilitate tau refolding, as
overexpression of HOP has been shown to increase levels of both total tau and
phospho-tau [145].

1.9.3 Inhibitors of Hsp90 clear tau

Inhibitors of Hsp90, such as PU24FClI, bind to the NTD and compete with
nucleotide. [153]. Treatment with PU24FCI reduces hyper-phosphorylated tau
and insoluble tau in cellular models [143, 154] while no effect is seen on normal
tau [154], suggesting that Hsp90 and its co-chaperones preferentially act on
abnormal tau. Another competitive inhibitor of Hsp90, 17-(allyllamino)-17-
demethoxygeldanamycin (17AAG), also reduces P301L tau levels [154], so this
effect seems to occur independent of chemotype (Figure 1.4B). Hsp90 inhibitors
are being explored in numerous clinical trials for cancer [155, 156], so there is
some possibility that the compounds might be suitable for eventual exploration in
tauopathies. However, such an approach would likely require a more chronic
dosing schedule and the safety of long-term chaperone manipulation is

uncertain.
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Another distinct class of Hsp90 inhibitors, including novobiocin, bind to the CTD
instead of the NTD [157]. Upon binding to Hsp90, novobiocin prevents
dimerization of the CTDs and stalls the Hsp90 cycle by a unique mechanism
[158]. Novobiocin analogues and other CTD-binding small molecules have been
developed [159] and shown to reduce tau levels in cellular models [160, 161]. It
is worth making the distinction between N- and C-terminal Hsp90 inhibitors
because the C-terminal inhibitors do not seem to activate a stress response
[162]. It isn’t yet clear how a stress response might contribute to the activity of
Hsp90 inhibitors, but the pharmacological tools to ask this question are becoming

available.

1.10 Other pathways for reducing tau levels

Although Hsp70 and Hsp90 may be the best-studied tau-binding partners, there
are many other possible targets in the proteostasis network. The goal in any of
these approaches is to reduce the accumulation of aberrant tau (e.g. hyper-
phosphorylated, free from microtubules, efc). It isn’t yet clear whether these
strategies necessarily need to spare normal tau (e.g. microtubule-bound), but this
remains an important consideration in any drug discovery strategy. In the next
sections, we introduce some of the most likely, emerging targets, which (in most

cases) have more speculative links to tau quality control.

1.10.1 Hsp27

Hsp27 is a small heat shock protein that interacts with client proteins, including
tau, as part of a multi-protein oligomer [163]. Upon stress-induced
phosphorylation, Hsp27 disassembles from larger oligomers into smaller
complexes, which seem to be potent chaperones for IDPs [164]. Indeed, Hsp27
preferentially binds phosphorylated tau in AD brain homogenates and neuronal
cell models, and this chaperone is correlated with its dephosphorylation and
degradation [165]. Overexpression of Hsp27 reduces tau fibril formation and

restores long-term-potentiation in a transgenic mouse model expressing mutant
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P301L tau [166, 167]. However, a gap in our understanding of this system is how
phosphorylation regulates Hsp27 client binding. Moreover, small molecule
activators of this system have not been described. However, this goal seems

worthwhile because Hsp27 levels are increased 20% in AD brains [168].

1.10.2 PPlases

Peptidyl-prolyl isomerases (PPlases) are another class of co-chaperones known
to effect tau homeostasis by catalyzing the isomerization of proline residues
[169]. One major protein in this class, Pin1, is highly expressed in neurons and is
implicated in amyloid B pathology [170] and tauopathies like FTDP-17 and AD
[171, 172]. Pin1 binds tau phosphorylated at several major phosphorylation sites
and localizes with NFTs in AD brains [172, 173]. Upon binding to phospho-tau,
specifically pT231, Pin1 converts cis-prolines preceding phosphorylated serine
and threonine residues into trans-prolines [174]. Cis-tau accumulates and
aggregates in AD brains and is unable to polymerize microtubules [174]. As a
result, Pin1 conversion of cis-tau to trans-tau restores microtubule assembly
[173, 175], highlighting the significant role of Pin1 in maintaining cis-trans tau
homeostasis. Pin1 expression is reduced in AD brains [173]; therefore,
normalizing expression of Pin1 may be one therapeutic strategy to prevent the

accumulation of hyperphosphorylated tau.

1.10.3 Clusterin

Genome wide association studies have implicated the molecular chaperone,
clusterin, in AD [176, 177]. This chaperone, which is highly expressed in
neurons, especially in AD and PD patients, is reported to promote amyloid beta
pathology and is correlated with the deposition of amyloid beta fibrils [178].
Clusterin has also been linked to tau pathology due to elevated levels of
intracellular clusterin in transgenic tau mouse models [179]. While there is clinical
evidence to suggest that clusterin plays a critical role in AD, the molecular

biology of this protein and its effects on tau remain unknown. One possible
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explanation for clusterin’s role in amyloid beta and tau pathology is that, in
addition to modulating apoptosis and cell signaling pathways, clusterin is also a
member of the autophagy/beclin-1 interactome [180]. It will be interesting to see
if chemical probes targeting clusterin can be developed to aid in understanding

how this protein regulates tau pathology.

1.10.4 HDAC6

Histone deacetylase 6 (HDACG6) is another key partner for tau that directly
impacts its homeostasis, especially after inhibition of the proteasome [181].
HDACSG6 plays an important role in autophagic clearance of tau, and HDACG6
inhibitors lead to increased tau acetylation and aggregation [182, 183]. However,
to illustrate the delicate balance required for proper tau homeostasis, inhibition of
HDACG6 actually reduced phospho-tau in some models [88, 184, 185], likely

because of competition between acetylation and phosphorylation [88].

1.10.5 Autophagy and UPS targets

Chaperone-mediated autophagy (CMA) and the ubiquitin-proteasome system
(UPS) are the major clearance pathways for removing tau [112, 115, 186].
Consistent with this idea, activation of autophagy by rapamycin reduces tau
phosphorylation and tau tangle formation in cellular models of tauopathy as well
as P301S tau transgenic mice [186, 187]. Rapamycin treatment also reduces
phosphorylation of tau by the kinase GSK3[ (glycogen synthase kinase 3 beta),
highlighting the possibility that combinations of autophagy activators with kinase
inhibitors may be effective at reducing the levels of hyperphosphorylated tau
[187]. To accelerate clearance through the UPS, one enticing idea is to activate
the proteasome with UPS14 inhibitors [188]. USP14 is a deubiquitinating enzyme
that dampens turnover of proteasome substrates. Therefore, inhibitors of USP14
might be expected to re-balance tau homeostasis. In both the autophagy and
UPS cases, specific targets would be expected to counter-act the age-dependent

loss of clearance capacity, perhaps normalizing tau levels.
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1.11 The future of tau reduction therapies

Tauopathies result from the failure of neurons to maintain proper tau
homeostasis. Therefore, one approach to therapy may be to modulate targets
that control the flux of tau (see Figure 1.2). As mentioned above, this goal might
be achieved by blocking tau transcription or translation, preventing its
aggregation or by accelerating its clearance using antibodies. An alternative
approach is to target the host factors that normally regulate tau homeostasis to
accelerate turnover of abnormal tau. However, the path forward for tau-based
therapies remains at the pre-clinical stage. In our opinion, antibodies that bind to
tau, especially phospho-tau and oligomeric tau, seem to offer the most
immediate paths to clinical testing of the tau reduction hypothesis [189-191].
However, to overcome limitations associated with the cost and delivery of
antibodies to the CNS, second-generation approaches might be focused on small
molecule tau aggregation inhibitors and activators of chaperone-mediated tau
turnover [192-194]. The major concern with these approaches will be safety
because it is unclear whether any of them will be able to selectively reduce

abnormal tau without causing proteostatic collapse.

One of the best-characterized ways to reduce tau levels with small molecules is
through analogs of MKT-077, as described above. These molecules are known
to act through Hsp70 to promote the turnover of tau and tau variants. In addition,
recent efforts in the Gestwicki laboratory have generated analogs, such as YM-
08, that have good blood-brain barrier permeability. While these results are
promising, the mechanisms by which MKT-077 analogs activate turnover through
Hsp70 are not known. In my thesis work, | explored this important question and,
in Chapter 2, describe how MKT-077 analogs promote the interaction between
Hsp70 and tau to stimulate turnover. In Chapter 3, | further characterize the
paralogs of Hsp70 that are required for the activity of MKT-077 and its analogs.
Together, these studies advance our knowledge of the role of Hsp70 in tau

turnover and help validate it as a drug target for tauopathies.
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Finally, a hallmark of tauopathy is the seeding and spreading of tau aggregation
and pathology through the uptake of extracellular tau fibrils [195]. The
mechanisms of cell-to-cell transmission remains unclear, but cell and animal
models are in development [196-199], providing, for the first time, an opportunity
to target proteins important in this process. Accordingly, a key part of Chapter 4
is to describe my efforts in building new tauopathy models that are specifically
geared towards studying these mechanisms. We predict that a better
understanding of the mechanisms of spreading will reveal unexpected, new drug
targets. These targets hold the currently unfulfilled promise of better selectivity

and safety.

Notes
This chapter is based on a chapter in a book titled “Prion Diseases” which is in
press at Cold Harbor Spring Laboratory Press. Zapporah Young, Sue Ann Mok

and Jason Gestwicki contributed intellectually to this work.
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Chapter 2
Stabilizing the Hsp70-Tau Complex Normalizes

Proteostasis in a Model of Tauopathy

21 Introduction

As discussed in Chapter 1, Hsp70 is a chaperone that normally scans the
proteome and “decides” whether proteins should be retained or degraded by
linking them to either the folding or turnover pathways. This activity is critical to
normal protein homeostasis (or proteostasis), yet it appears to fail in many
protein-misfolding diseases. As discussed in Chapter 1, it is especially important
to understand the molecular mechanisms by which Hsp70 makes decisions for
the microtubule-binding protein tau. Hsp70 is a multi-domain protein that uses
ATP hydrolysis to regulate its affinity for client proteins. Here, we use a chemical
biology strategy, in combination with genetics, to systematically perturb the
affinity of Hsp70 for tau. This approach revealed that tight complexes between
Hsp70 and tau are associated with accelerated turnover while transient
interactions are linked to tau retention. Further, we found that disease-associated
tau mutants, including A152T and K280Q, have an intrinsically weaker affinity for

Hsp70 but that chaperone binding could be chemically restored to enhance their
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degradation. Together, these results suggest that persistence of the Hsp70-client

complex is one important parameter governing Hsp70-mediated quality control.

2.2 Allosteric modulation of Hsp70 regulates tau proteostasis
Hsp70/HSPA1A and Hsc70/HSPAS8 are highly conserved molecular chaperones
that are expressed in the cytosol of all eukaryotic cells. These factors are often
referred to as “triage” chaperones because they bind to misfolded proteins and
somehow choose to preserve them [1, 2] or shuttle them to the lysosome-
autophagy pathway or UPS for degradation [3, 4]. Although they play a complex
and important role in proteostasis, members of the Hsp70 family have a relatively
simple structure, composed of a 45 kDa nucleotide binding domain (NBD) and 25
kDa substrate binding domain (SBD) [5, 6]. The NBD has a deep cleft for binding
ATP, while client proteins bind in a 3-sandwich region of the SBD [7]. These two
domains are allosterically linked, with nucleotide turnover in the NBD controlling
the affinity of SBD-client interactions [8-12]. In the ATP-bound form, clients bind
Hsp70s with fast-on, fast-off kinetics, while hydrolysis to the ADP-bound form

stabilizes the SBD-client interaction by slowing the off-rate [13].

As discussed in Chapter 1, co-chaperones bind to Hsp70/Hsc70 and regulate
this nucleotide cycling. These co-chaperones include J-proteins, which
accelerate ATP hydrolysis, and NEFs that promote the discharge of ADP [14,
15]. Together, J proteins and NEFs coordinate turnover, ultimately regulating the

affinity of Hsp70s for their clients. Then, additional co-chaperone families,
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including the tetratricopeptide repeat (TPR) domain proteins, bind Hsp70s and
help direct the fate of the bound clients. Another important co-chaperone Hsc70
interacting protein (HIP) binds to the NBD and blocks interactions with NEFs,
essentially prolonging the association of Hsp70s with their clients [16]. Together,
Hsp70, Hsc70 and their co-chaperones cooperate to identify unfolded proteins
and somehow enact the “decision” to either retain or degrade them. This process
is central to health and proteostasis because it limits accumulation of misfolded
proteins, blocks aggregation and aids in proper folding. However, the molecular
mechanisms that guide the logic of quality control are not clear. How does Hsp70
‘know” whether a client is competent for folding or whether it is prone to

misfolding?

2.3 Tau as a model substrate for understanding chaperone triage
MAPT/tau has served as an important client for understanding chaperone-
mediated quality control [17-19]. As introduced in Chapter 1, the accumulation of
tau is a pathological feature of many neurodegenerative disorders, including
Alzheimer’s disease (AD), frontotemporal dementia (FTD) and progressive
supranuclear tauopathy (PSP). Tau is an intrinsically disordered protein [20] that
normally stabilizes microtubules. Mutations, such as P301L and A152T [21-24],
and/or PTMs, such as hyperphosphorylation and acetylation [25-27], disrupt this
normal function by damaging the affinity of tau for microtubules and promoting its
aggregation as discussed in Chapter 1. Members of the Hsp70 family are well

known to play an important role in tau quality control [18, 28], serving to protect
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against tauopathies. In Chapter 4, we will discuss how these mutations and
PTMs alter tau proteostasis in disease relevant tau mutant cell models. Both
Hsc70 and Hsc70 bind to the microtubule-binding repeats of tau [29, 30] to limits
its aggregation. Further, over-expression of Hsp70 leads to a dramatic reduction
in tau [18, 30] through activation of the UPS degradation pathways. This pro-
degradation activity of Hsp70 was isolated to the C-terminal domain [30], a
region that contains the least similarity between Hsc70 and Hsp70. Interestingly,
over-expression of Hsc70, despite its overall high similarity with Hsp70, causes
retention of tau (Appendix 2.3D) [30]. This diametrically opposed activity seems
to occur through preferentially enhanced coupling between Hsp70, tau and CHIP.
However, over-expression of a dominant negative form of Hsc70 also leads to
enhanced turnover of tau [2], suggesting that both Hsc70 and Hsp70 are capable
of directing tau to the degradation pathway. The differential effects of Hsp70
paralogs on tau stability as well as other Hsp70 substrates will be further
explored in Chapter 4. The quality control decisions made by Hsc70 and Hsp70
in the tau-bound complex are further tuned by co-chaperones. For example,
over-expression of DnaJA1, BAG3 or CHIP promotes tau turnover through a
mechanism that requires Hsp70s [31-33]. Together, these results show a close
relationship between Hsp70s, their co-chaperones and tau homeostasis, but the
molecular mechanisms are not clear. In other words, the players are known but it

isn’t yet clear how they coordinate their actions.

41



We wanted to use a chemical biology approach to better understand how Hsp70s
“decide” to retain or degrade tau. Inhibitors of Hsp70’s ATPase activity, such as
YM-01, are known to reduce accumulation of phosphorylated tau in cell-based
models [34] in a process that requires the chaperone [31]. In these findings, we
saw an opportunity to use YM-01 as a chemical probe to unravel the molecular
mechanisms of Hsp70-mediated quality control. To do this, we first had to
synthesize an analog of YM-01, JG-48, which had spectral properties that
permitted access to a wider variety of mechanistic assays. We found that JG-48,
but not a closely related, control compound, JG-273, stabilized the ADP-bound
state of Hsc70 and blocked the ability of NEFs to facilitate ADP and client
release. The net effect of this allosteric perturbation is that the affinity of Hsp70s
for tau is significantly enhanced in vitro and in cells. To test whether affinity for
tau might be linked to the “decision” to degrade, we used a collection of chemical
inhibitors, belonging to distinct chemical series, and a new series of Hsc70 point
mutants to systematically enhance or decrease the affinity of chaperone for tau.
The results, discussed in this chapter, significantly advance our understanding of
the mechanism of Hsp70-mediated quality control and suggest a path towards

the discovery of compounds that might normalize tau levels in disease.
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24 Results

241 JG-48 reduces tau accumulation in multiple models and restores
long-term potentiation.

YM-01 and its analogs are known to enhance tau turnover through interactions
with Hsp70 [31, 34]. However, these compounds contain a cationic pyridinium
that precludes many in vitro studies because they absorb at the same
wavelengths that are used in common chaperone assays (e.g. 535 to 620 nm,
see Appendix 2.1B). To provide a molecule suitable for use in these expanded
platforms, we assembled JG-48 using a previously established synthetic route
[35] (Appendix 2.1A). At the same time, we synthesized a control compound, JG-
273, that lacks the fused phenyl group predicted to be important for binding [36].
As anticipated, JG-48 and JG-273 lacked the strong absorbance in the region of

535 to 620 nm (Appendix 2.1B), which previously hindered use of YM-01.
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Figure 2.1 JG-48 reduces tau levels in cellular models of tauopathy. JG-48, but not JG-273, significantly
reduces tau in HeLa C3 cells stably transfected with 4RON tau. Statistical analysis was performed using a 2-
way ANOVA with Dunnett’s test.*p<0.001, **p<0.005. JG-48 also reduces phosphorylated, endogenous tau
in SHSY-5Y neuroblastoma cells. Cells were treated for 24 hours.

43



The ability of JG-48 and JG-273 to reduce tau burden was then tested in HelLa
C3 cells stably transfected with human 4RON tau. These cells were treated for 24
hours, lysed and the total tau levels analyzed by Western blot. We found that JG-
48, but not JG-273, reduced tau levels by ~50% at 30 uM (Figure 2.1). Then, to
test if JG-48 could reduce endogenous tau, SHSY-5Y neuroblastoma cells were
treated. We found that JG-48 decreased total tau levels, but it was even more
effective at clearing phosphorylated tau (Figure 2.1), as indicated by an antibody
that recognizes the paired helical filament (PHF) form that is present in these

cells and in the brains of tauopathy patients [37].

We next tested the potency of JG-48 in brain slices from the rTg4510 transgenic
mouse model of tauopathy [38]. rTg4510 mice express the tau mutant, P301L,
and they present many of the symptoms associated with tauopathies, including
tau tangles in the forebrain, neuron loss and memory impairment [39]. Brain slice
cultures from these mice were treated for six hours with JG-48. We found that
this treatment reduced total tau levels and that it was especially effective against
phosphorylated tau (Figure 2.2A). A key feature of this rTg4510 model is that
hippocampal brain slices show deficits in long-term potentiation (LTP) when
compared to WT brain slices from non-transgenic mice [40, 41]. Therefore, we
evaluated the ability of JG-48 to restore LTP in rTG4510 brain slices using a
previously described theta burst stimulation method [31]. JG-48 (10 uM)

significantly improved LTP in the brain slices from rTg4510 mice when compared
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(A) JG-48 restores normal LTP in (B) JG-48 reduces phosphorylated tau in the neurons of rTg4510
a brain slice model of tauopathy brain aggregates
dmso YM-01 JG-48

JG-48 (UM) 0 10 30 100

. pTau
[ tubulin
Bl oAri

pTau “--.— ———— —

Total Tau "- — - - —

ACHN e i s v o s e s

40- |

20+ )

. ;
100
10+
v
0. Ad *
-20 0 20 s 60 T T

e rTg4510 (vehicle)
= rTg4510 (JG-48)

300

IntDensity / area (pix)

normalized response
(% baseline + SEM)

(=}

Time (min) dmso YM-01 JG-48

Figure 2.2 Characterization of JG-48 in transgenic tauopathy models. (A) Acute hippocampal slice cultures
from 3-4 month old rTg4510 tau transgenic mice were treated with JG-48 (10 uM) for 6 hours.
Electrophysiology experiments show that JG-48 restores synaptic plasticity. fFEPSP traces are an average of
JG-48 (n=7) or vehicle-treated (n=17). Statistical analysis was performed using a 2-way ANOVA with
Bonferroni posttest. *** p<0.001. (B) Brain aggregates were infected with 10% rTg4510 brain homogenates
from 15 to 25 days in culture and treated with YM-01 or JG-48 (10 uM) for 24 hrs prior to harvesting at 35
days in culture. They were stained with anti-phospho-tau (red), anti-beta tubulin (green) and DAPI (blue). 15-
20 confocal images were stacked and phospho-tau intensity was measured with Image J. N=6. *p<0.0001,
**p<0.0003. Bar = 25 pym.

to the vehicle control (Figure 2.2A). Importantly, no effect was seen when JG-48
was added to brain slice cultures from non-transgenic, wild type mice (Appendix
2.1C). This control is important because it shows that the compound does not
artificially enhance plasticity; rather, JG-48 appeared to preferentially accelerate
clearance of pathogenic tau to improve neuronal function. Finally, we created
aggregate cultures from rTg4510 brains and treated them with compounds to
understand whether tau was reduced in neurons. This system was used
because, compared to brain slices, the aggregate model provides a more
convenient platform for immunofluorescence and imaging. We found that tau
levels in tubulin-positive neurons were significantly reduced by either YM-01 or

JG-48 (10 pM) (Figure 2.2B). These results establish JG-48 as a chemical probe
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for better understanding the mechanisms of chaperone-mediated tau quality

control.

2.4.2 JG-48 binds the NBD of Hsc70 but does not inhibit ATP binding

Our overall strategy was to explore the activity of JG-48 in a battery of both in
vitro and cellular models in an attempt to understand how Hsp70s might regulate
tau homeostasis. Our first question was whether JG-48 might compete with
nucleotide (ATP or ADP) for binding to the chaperone, which would provide a
potential clue to its mechanism-of-action. NMR titration and docking experiments
had previously shown that compounds similar to JG-48, such as MKT-077 and
JG-98, bind in a deep, conserved pocket of the NBD of Hsc70 [34, 36, 42]. To
confirm that JG-48 binds similarly, we repeated the HSQC titration study with '°N
Hsc70 NBD in the presence of ADP. In these studies, we used Hsc70ngp, rather
than Hsp70nsp because the peak assignments were available, but the predicted
binding site is 100% conserved between these paralogs [36]. Consistent with the
previous work, JG-48 caused selective chemical shift perturbations (CSPs) in
residues adjacent to a deep cleft composed of hydrophobic and anionic residues
(R72, D199, E175, G201, T204, F205 and T226) (Figure 2.3A). Guided by the
CSPs, we performed docking simulations of JG-48 bound to Hsc70ngp (PDB:
3C7N). Similar to what has been found with previous analogs, the most favorable
poses positioned JG-48 in a cleft between subdomains IIA and IIB (Figure 2.3A).
In the docked binding mode, the benzothiazole ring system of JG-48, which is

missing in JG-273, was predicted to make a number of important interactions.
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(A) JG-48 binds a pocket that does not overlap with nucleotide (B) JG-48 binding to Hsc70 is not competitive
with ATP
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Figure 2.3 JG-48 does not compete with ATP for binding to Hsc70. (A) Docking of JG-48 to the NBD of
Hsc70. Based on NMR chemical shift perturbations, the binding site of JG-48 was modeled. JG-48 is
predicted to bind a deep cleft in Hsc70, which is not overlapping with the ATP/ADP-binding cleft.
Hydrophobics in orange, apolar in green, anionic in red, cationic in blue. (B) Positive controls, ATP and
VER-155008 (VER) compete with a fluorescent ATP tracer (ATP-FAM) for binding to the NBD of Hsc70.
Results are the average of three independent experiments performed in triplicate and the error bars
represent the standard deviations.

The docked pose of JG-48 suggested that the molecule would not directly
interfere with nucleotide binding. Indeed, there appeared to be a channel through
the protein, with nucleotide on one end and JG-48 on the other (Figure 2.3A). To
directly test this idea experimentally, we adapted a fluorescence polarization (FP)
assay [43] in which competition with a tight binding (Kp ~ 400 nM) ATP probe,
N®-(6-Amino)hexyl-ATP-6-FAM (or ATP-FAM), is measured. We first confirmed
that both unlabeled ATP and a known competitive inhibitor, VER-155008 (VER)
[43], interrupted tracer binding with ICsq values of 200 + 19 nM and 390 * 28 nM,
respectively (Figure 2.3B). In contrast, titration with JG-48 had no effect on ATP-
FAM binding, confirming that it does not compete with ATP. Thus, its activities on

Hsp70 appeared to be allosteric.

2.4.3 JG-48 weakly inhibits ATPase activity
We then turned to a series of biochemical assays, including those that measure

ATP hydrolysis, client folding and co-chaperone interactions, to understand the

47



impact of JG-48 binding on Hsp70 functions in vitro. First, we tested the ability of
JG-48 to inhibit Hsc70’s steady state ATPase activity using a colorimetric assay
[44]. In these studies, we used JG-273 as the negative control and two
characterized inhibitors, VER [43] and myricetin [45] as positive controls. We
tested each compound against human Hsc70 in the presence of its co-
chaperones. By itself, Hsc70 is a weak ATPase; however, steady-state
hydrolysis is known to be significantly increased in the presence of J-proteins
and NEFs [44, 46]. Thus, the relevant ATPase activity in cells is thought to be a
product of the three factors working together: the Hsc70, a J protein and a NEF
[47]. There are typically multiple J proteins and NEFs expressed in mammalian
cells [48] and the function of the chaperone is heavily influenced by which co-
chaperones are bound [49-51]. To get a picture of how compounds might impact
the whole range of possible complexes, we systematically tested them against
some of the most abundant combinations composed of Hsc70, DnaJA1, DnaJA2,
DnaJB1, DnaJB4, BAG1, BAG2 and BAG3 (Figure 2.4A). As expected, JG-273
combination (Appendix 2.2A), so it wasn’t evaluated further. Both of the positive
controls, myricetin and VER (50 uM), inhibited the activity of all the chaperone
combinations tested (Figure 2.4B and Appendix 2.2A). We found that JG-48 also
inhibited ATPase activity, stimulated by either J proteins or members of the BAG
family of NEFs, but this effect was relatively modest (Figure 2.4B and Appendix

2.2A).
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Figure 2.4 JG-48 is an inhibitor of chaperone functions. (A) Schematic of the Hsp70 system, highlighting the
J protein and NEF family of co-chaperones. Hsp70 works with a J protein and NEF to hydrolyze ATP and
refold denatured luciferase in vitro. In this study, we combined Hsc70 with the indicated co-chaperones. (B)
Summary of the effects of JG-48 (and the negative control, JG-273) on steady state ATPase activity. MYR =
myricetin VER = VER-155008. All compounds at 50 uM. Results are the average of at least three
independent experiments performed in triplicate each. Table colors represent the percent reduction in
ATPase rate at maximum stimulation. Representative curves are shown. (C) Summary of the effects of JG-
48, JG-273 and VER on Hsc70-mediated luciferase refolding. All compounds at 50 uM. Results are the
average of at least two independent experiments performed in triplicate each. DnaJA1 is not competent for
luciferase folding. Table colors represent the percent reduction in luminescence signal at maximum
stimulation.
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2.4.4 JG-48 strongly inhibits substrate refolding by Hsc70

While informative, the ATPase assays do not report on Hsp70-client interactions.
To explore this activity, we used a well-established assay in which Hsc70 and its
co-chaperones cooperate to refold denatured firefly luciferase in vitro. This assay
is known to require dynamic interactions between luciferase, J proteins and
Hsp70s, providing a functional read-out of client cycling [52]. Similar to the
design of the ATPase assays, we tested the inhibitory activity of JG-48, JG-273
and VER against Hsc70 and a panel of its co-chaperones. DnaJA1 does not
support robust refolding of luciferase [49, 50], so it wasn’t included. In control
experiments, we found that none of the compounds directly interfered with
luciferase activity (Appendix 2.2B), allowing us to test them in this platform
without artifacts. We found that JG-48 and VER, but not JG-273, were dramatic
inhibitors of chaperone-mediated luciferase refolding. Indeed, both JG-48 and
VER reduced the amount of recovered luminescence by approximately 60%
(Figure 2.4C and Appendix 2.2C). Compared to VER, JG-48 had even broader

activity against all of the chaperone complexes.

2.4.5 JG-48 inhibits client release from Hsc70

The dramatic effects of JG-48 on luciferase refolding suggested that it might
strongly impact client-chaperone interactions. To test this idea more directly, we
turned to an FP assay in which binding to a labeled client peptide, HLA-FAM, is
measured [53]. We found that Hsc70 binds the tracer with an apparent Kp of 5.1

1 0.9 yM in the presence of 1 mM ADP, consistent with previous reports [49].
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Titration of BAG1 into this mixture released the HLA-FAM tracer with an ECsp of
3.7 £ 0.8 uM (Figure 2.5A), consistent with previous reports [49]. For these
experiments, BAG1 was used because it appears to be particularly important for
tau [54, 55]. Then, we measured the ability of JG-48 to impact BAG1 activity. We
found that JG-48, but not JG-273, stabilized the interaction with tracer by 7-fold

(BAG1 ECsp 25 + 8.6 uM) (Figure 2.5A).
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Figure 2.5 JG-48 limits NEF binding and activity. (A) BAG1 accelerated release of a peptide tracer (HLA-
FAM) from the SBD of Hsc70 was measured and the effects of 50uM compounds determined. The apparent
EC50 values for BAG-1 are shown in the table. Results are the average of three independent experiments
performed in triplicate each. Error bars represent the SD. (B) The interaction between Hsc70 and BA1 was
measured by FCPIA. JG-98 and YM-01, but not the negative control JG-273, block the protein-protein
interaction. JG-48 partially disrupted the interaction, but only at high concentrations. Results are the average
of three independent experiments performed in triplicate each and the error bars represent SD.

NEFs promote release of clients from Hsc70 and Hsp70 by binding to the NBD
[56-59]. To test if JG-48 could directly impact the protein-protein interaction
between NEFs and Hsc70, biotinylated chaperone was immobilized on beads
and incubated with fluorescently labeled BAG1 in a flow cytometry protein

interaction assay (FCPIA) format. We found that JG-48, but not JG-273 or VER,
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inhibited BAG1 binding, but with a relatively weak ICso of 100 uM (Figure 2.5B).
Thus, JG-48 had a much more dramatic effect on luciferase folding and HLA-
FAM release than it did in this assay, suggesting that its major effects are to

promote client binding through allosteric control.

2.4.6 Chemical and genetic manipulation of tau affinity reveals a
correlation with tau turnover in cells

Next, we wanted to test if JG-48 would increase binding to tau, as it did for the
model HLA-FAM client. To do this, we employed an ELISA [29] in which Hsc70 is
immobilized and binding to 4RON tau measured with a labeled antibody. In this
format, Hsc70 had an affinity of ~5 yM for tau in the presence of ADP, while
replacing ADP with ATP or non-hydrolyzable ATPyS weakened the apparent
affinity of Hsc70 for tau by 101 and 177% (Table 2.1). DMSO alone had no effect
on the strength of the complex in the presence of ADP, but JG-48 increased
binding approximately 2-fold (Kp = 2.4 £ 0.3 uM) (Appendix 2.3A). This result
suggests that, similar to what was observed in the FP assay with HLA-FAM, JG-

48 also stabilizes chaperone-tau complexes.

Together, these results suggested a model in which stabilization of the tau
complex might possibly be a signal for promoting its turnover. To test this idea,
we wanted to systematically control the affinity of Hsc70 for tau and then
measure the corresponding effects on tau levels in cells. Towards this goal, we

assembled a collection of known inhibitors of Hsc70, including VER [43], MAL3-
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Table 2.1 Summary of the results from ELISA and Western blot experiments

ELISA HelLaC3 cells
tau Ko (app) | % change | % tau remaining
ATP 12+0.9 -101
ADP 5.8+0.7 ---
ATP+S 16+1.7 -177
WT Hsc70 5.8+0.7 - 93+4
8| WT Hsp72 53407 67 + 14
‘g JG-273 7.9+0.6 -36 102 £ 10
S | R76A Hsc70 52+0.7 +10 88+ 11
Y149A Hsc70 6.2+0.9 -6 98 + 14
o o | JG-48 24+0.3 +58 55+ 4
g £ | YM-01 2402 +58 25+ 10
gL | UG98 29+04 +50 28 + 16
Mal3-101 29+0.5 +50 77 +£12
€ 9| VER 7113 -36 42+ 19
§ § | H227AHsc70 8.3+0.6 -43 107 +5
& © | L228A Hsc70 11+1.2 -86 126 £ 10

101 [60], JG-98 [36] and YM-01 [31, 61]. Importantly, these compounds belong to
three distinct chemical series and bind non-overlapping sites on Hsc70, so they
provide a more rigorous test of the model than using only a single chemotype. In
the ELISA, we found that MAL3-101, JG-98 and YM-01 enhanced binding of
Hsc70 to tau by approximately 2-fold (Table 2.1 and Appendix 2.3B), similar to
what we found for JG-48. However, VER was mildly destabilizing, decreasing the
affinity of the Hsc70-tau complex by 36%. This result might be consistent with the
design of VER, as it was intended to mimic the weakly-binding, ATP-bound state

[43].
To complement these chemical perturbations, we also wanted to use point
mutations in Hsc70 to alter the affinity for tau. We considered this experiment to

be very important because the selectivity of small molecules in cells is often
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uncertain, so combining them with genetics is a way to critically assess
selectivity. Accordingly, we mutated residues in the proposed allosteric site in
Hsc70 that is bound by JG-48 (see Fig. 2.3) to see if any of these residues, when
mutated, might also allosterically disrupt affinity for tau. We found that mutations
in R76A and Y149A had little impact on tau affinity in the ELISA platform (Table
2.1), so we used these variants as controls. However, H227A and L228A
significantly weakened the affinity for tau by 40 to 80%, providing a genetic way

to test the effects of affinity changes on tau homeostasis.

With this collection of genetic and chemical tools in-hand, we treated HeLa C3
cells or transiently over-expressed each of the Hsc70 point mutants. We found
that strengthening the affinity for tau tended to reduce its levels (Table 2.1 and
Figure 2.6A). For example, JG-98 enhanced Hsc70 binding by 2-fold in vitro and
reduced tau levels by about 75% compared to the controls. Conversely, the
H227A and L228A mutations weakened the interaction in vitro and their over-
expression caused a reproducible increase in tau levels (Table 2.1). To
determine if JG-48 can increase binding of Hsp70 to tau in a cell model, we
performed immunoprecipitations of V5-tagged tau from HelLa C3 cells after
treatment with JG-48. Consistent with the ELISA, JG-48 significantly enhanced
binding of Hsp70 to tau (Figure 2.6B). Taken together, these results suggested a

correlation between apparent affinity and tau turnover in cells (Figure 2.6A).
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(A) Affinity of the tau complex predicts stability (B) JG-48 increases Hsp72 association with
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Figure 2.6 Affinity of the Hsc70-tau complex, measured in vitro, roughly correlates with the stability of tau in
cells. (B) JG-48 increases co-immunoprecipitation of Hsp72 with tau. A representative blot of two
independent experiments is shown. (C) Correlation between the relative affinity of the Hsc70-tau complex
from the ELISA with the levels of tau in treated cells.

2.4.7 JG-48 preferentially stabilizes binding of Hsp70 to disease-
associated tau variants

One of the unexplained aspects of JG-48 activity is its ability to preferentially
enhance the turnover of disease-associated tau variants (see Figure 2.2). To
better understand this selection process, we measured binding of Hsc70 to
disease-associated tau variants in the ELISA format. A152T is a point mutation
linked to PSP and other tauopathies, while K280Q mimics a lysine acetylation
that is also associated with these disorders [21, 62, 63]. We found that,
compared to wild type 4RON tau, these variants had significantly worse affinity for
Hsc70. Specifically, A152T had an affinity of 9.9 £+ 1.0 uM and K280Q had an
affinity of 16 £ 1.9 uM (Figure 2.7A), compared to the 5.8 uM of wild type. These
results suggest that some disease-associated variants have a weakened affinity

for chaperone, which might contribute to their aberrant accumulation in disease.

55



Because the point mutations are not located in known chaperone-binding sites

[29, 30, 64], these effects likely occur through long-rage structural changes.
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Figure 2.7 JG-48 improves the binding of Hsp70 to disease related mutants as well as their clearance. (A)
ELISA results show that JG-48 increases the binding of Hsc70 to tau variants with point mutants related to
tauopathy. Results are the average of two independent experiments performed in triplicate and error bars
represent the SD. (B) JG-48, but not JG-273, reduces K280Q and A152T levels in transiently transfected
Hela cells. Results are the average of two independent experiments and error is SEM. Statistical analysis
was performed using a 2-way ANOVA with Dunnett’s test.*p<0.05, **p<0.005.

Next, we tested whether JG-48 might enhance the affinity of Hsc70 for the A152T
and K280Q forms of tau. Indeed, JG-48 had a dramatic effect on the affinity of
these complexes. JG-48 (10 yM) increased affinity for A152T tau by 5-fold and
K280Q tau by nearly 7-fold (Figure 2.7A). In the presence of JG-48, these
affinities were now comparable to, or better than, the affinity of the wild type
complex. These results suggest the possibility that JG-48 normalizes tau
interactions and thereby promotes clearance. Indeed, the levels of tau in cells
expressing K280Q, A152T and 4RON tau were highly sensitive to JG-48, but not

JG-273 (Figure 2.7B).
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2.4.8 Over-expression of Hsc70 interacting protein (HIP) mimics the
effects of JG-48 on tau turnover

Based on these results, we considered a model in which chaperone uses affinity
for its clients to guide quality control decisions (Figure 2.8). When tau is released
from microtubules, it is known to encounter the chaperones [1]. The tau-bound
chaperone would then be expected to cycle through nucleotide states, in
collaboration with co-chaperones. In the proposed model, Hsc70 and Hsp70
might “choose” to release tau back to the microtubule for re-binding if the ADP-
bound complex is sufficiently transient. However, if the tau complex is relatively
long-lived, it might favor degradation, perhaps through recruitment of UPS or

autophagy effectors. A key prediction of this model is that stabilizing the tau

(A) Model for Hsc70-mediated tau triage, in which prolonged association in the
ADP-bound state favors turnover

Mutation,
phosphorylation,
aging, trauma, etc.

_.TF \

microtubule
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recycling D— - —_— —> degradation

Figure 2.8 Model for Hsc70-mediated tau triage, in which prolonged association in the ADP-bound state
favors turnover. JG-48 activates tau degradation by stabilizing the Hsc70 substrate-bound state.
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complex should shift the balance towards turnover. This model might explain why
over-expression of Hsc70 protects tau levels, while Hsp70 favors degradation,

because Hsp70 is known to have a significantly tighter affinity for tau [30].

To test this model in a different way, we over-expressed the co-chaperone HIP in
HelLa C3 cells. As mentioned above, HIP competes with NEFs for binding to
Hsp70 and Hsc70 and, like JG-48, it stabilizes client binding [16]. Indeed, we
found that over-expression of HIP in HeLa C3 cells decreased tau to a level
comparable with that seen after JG-48 treatment (Figure 2.9). This result,

obtained using a completely complimentary approach, supports the general

model.
HIP (ug) JG-48 (uM)
0 05 1 0 10 30
Figure 2.9 Hsc70 Interacting Protein (HIP)
Tau 8 g ¢ 0 ey phenocopies compound effect on tau stability. HIP
has the same effect on tau stability as JG-48
HIP = == e _—— suggesting a similar mechanism of action. A
representative blot of two independent experiments
Actin "D on e ) (G D is shown.

2.5 Discussion

A network of chaperones, co-chaperones and stress response pathways is
tasked with maintaining normal proteostasis [65]. In this network, Hsp70s are
considered to be the “triage chaperones” that are involved with the folding or
degradation of many clients [66, 67]. This system is emerging as a potential drug
target in a number of diseases, including cancer and neurodegeneration [68-71].

Therefore, there is great interest in better understanding the molecular
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mechanisms of Hsp70 with the ultimate goal of rebalancing these decisions to

treat disease.

In this study, we have taken advantage of a new set of chemical probes,
combined with new point mutants, to explore these mechanisms. As mentioned
in Chapter 1, the key enabling observation was that Hsp70 inhibitors, such as
YM-01, cause a robust loss of tau in disease models [31]. These findings
suggested to us that YM-01 might be a powerful chemical probe for
understanding Hsp70 mechanisms. Before embarking on such a study, we first
had to resolve problematic features of YM-01, removing spectral properties that
interfered with many biochemical measurements. This exercise yielded JG-48,
which retained the ability to reduce abnormal tau in cultured cells and in other
models of tauopathy (see Figure 2.1 and 2.2). By systematically examining many
possible mechanisms (e.g. effects on ATPase activity, protein-protein
interactions, efc.), we eventually found that the stability of the tau complex, as
measured in vitro, seemed to best predict effects on tau turnover in cells. This
prediction was then tested using an expanded collection of chemical and genetic
perturbations, leading to a model in which one of the factors governing client

triage (at least for tau) appeared to be its affinity for the chaperone.

This model, like many, leads to interesting, unanswered questions. What are the

key factors that normally determine the affinity of Hsp70/Hsc70 for its clients? We

found that some disease-associated tau mutants, such as K280Q, have a
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weakened intrinsic affinity. This diminished binding might allow them to partially
avoid the chaperone system, perhaps contributing to their accumulation and role
in disease. Thus, it is tempting to speculate that Hsp70/Hsc70 might use affinity
to enact similar quality control decisions for other clients too. These chaperones
typically interact with extended, linear polypeptides containing hydrophobic
residues, such as those commonly found in the interior of globular folded proteins
[66, 72]. Thus, if a client is folded, it likely loses affinity for Hsp70s, whereas, if a
client has trouble folding, it might be predicted to bind better. This feature might
allow Hsp70 to preferentially remain bound to misfolded clients and, under
conditions of sufficient dwell time, recruit effectors of degradation. This elegant
model might explain why Hsp70 is able to operate on an entire proteome

because relatively simple, physical metrics are used to enact fate decisions.

As mentioned above, over-expression of Hsp70 is known to lead to tau
degradation, while over-expression of Hsc70 leads to its retention [30]. More
recently, a dominant negative mutation of Hsc70 was found to induce tau
degradation [2], suggesting that Hsc70, like Hsp72, is capable of linking tau to
degradation if its ATPase activity is disrupted. Consistent with this idea, the
binding site for JG-48 is invariant between Hsc70 and Hsp72; thus, our results
suggest that interruption of either paralog’s ATPase activity in cells may initiate
tau turnover. Still Hsp70 is expected to play a prominent role because it has a
tighter intrinsic affinity for tau and because it better couples with CHIP [30]. The

expression of Hsp70 is strongly induced by stress, so a stress-associated
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change in the Hsc70:Hsp70 ratio might favor turnover of tau by increasing the
proportion that is stably bound by chaperone. Likewise, aging might dampen the
stress response [73, 74] and make cells less able to defend themselves against

tau accumulation.

The binding site of Hsc70 and Hsp70 on tau is overlapping with the regions
required for microtubule binding [29]. Further, this same region is required for tau
aggregation [75]. Thus, there are multiple protein-protein interactions that
converge on this functionally important, but potentially dangerous region [75, 76].
As mentioned above, many disease-associated changes in tau, such as PTMs
and point mutants, reduce binding of tau to microtubules, perhaps flooding the
cytosol with aggregation-prone tau molecules. Hsp70s need to deal with this
situation by either helping tau back onto the microtubule or by recruiting
degradation effectors, such as CHIP. The results outlined here suggest that the
logic of this system (e.g. whether this tau is ultimately retained or degraded) may
be the result of a delicate balance of competing affinities. In disease or aging,
this delicate balance may be tipped towards tau aggregation, whereas JG-48 or

stress responses might counter-balance this disruption by removing excess tau.

It seems likely that the decision to retain or degrade tau should be impacted by
additional factors, including the availability of co-chaperones. NEFs might be
particularly important because they would be expected to help release tau from

the Hsp70 complex. In other words, NEFs might be the key timing mechanism of
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quality control. This general concept is supported by the findings that BAG1
overexpression increases total tau levels in an Hsp70 dependent manner [54].
Beyond tau, BAG2 and HspBP1 are known to prevent CHIP ubiquitination of the
other Hsp70 clients, Raf-1 and cystic fibrosis transmembrane conductance
regulator (CFTR) [77, 78], and BAGS5 interferes with CHIP-assisted ubiquitination
of a-synuclein [79] and the tumor suppressor PTEN [80]. These findings support
the idea that the release of clients is associated with retention and that NEFs are
important in “tuning” client dwell time. However, it is important to note that BAG1
coordinates with CHIP to target some Hsc70 clients for proteasomal degradation
[55, 81]. Additionally, BAG2 is reported to increase ubiquitin-independent
degradation of phosphorylated tau [82]. These findings illustrate the difficulty in
identifying clear “rules” for protein quality control and, rather, point to a model
that needs to take into account the specific properties of the individual clients,
including its intrinsic affinity for chaperone. That being said, over-expression of
HIP increases the clearance of not only tau, but other Hsp70 clients such as a-
synuclein and polyQ-AR [83, 84], so client affinity may be a fundamental

mechanism of quality control.

26 Methods

2.6.1 Cell culture and immunoblotting

HelLa C3 cells were stably transfected with V5-4RON tau as previously described.
Cells were cultured in supplemented Opti-MEM media. Cells were plated into 6-

well plates (Corning) or 12-well plates (Corning) and treated with compound at
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indicated concentrations for 24 hrs before lysis with RIPA buffer (150 mM sodium
chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris,
pH 8.0) supplemented with protease inhibitor, PMSF and NaF. Following
quantification, lysates were loaded to 10% gels (BioRad) and proteins identified
via Western blot. For Hsc70 mutant transfections, HelLa C3 cells were plated into
12-well plates (Corning) and indicated amount of plasmid was added with
Lipofectamine 3000 (Invitrogen). Transfection was allowed to proceed for 24 hrs
before lysis with RIPA buffer. For HIP transfection, HeLa C3 cells were plated
into 6-well plates (Corning) and indicated amounts of plasmid were added with
Lipofectamine 2000 (Invitrogen). Transfection was allowed to proceed for 24 hrs
before lysis with RIPA buffer. Cell or tissue lysates were separated and
immonoblotted via Western blot. All quantification of Western blots was

performed with NIH Image J or Biorad Image Lab analysis.

2.6.2 Brain aggregate cultures

Brain aggregates are prepared from E15 days rTg4510 mouse brains. Briefly, a
pool of E15 day mouse brains are dissociated through two nylon meshes and
plated in a 96-well plate. A sphere-shaped brain aggregate formed in each well is
cultured in DMEM H21 supplemented with glucose (6 g/L), gentamicin (50 mg/L)
and 10% FBS. At 15 days in culture, they are infected with 5 pL of 10% brain
homogenates of rTg4510 mice for 10 days. They are treated with 10 uM of YM-
01 or JG-48 for 24 hrs before harvesting at 35 days in culture. They are fixed with

4% paraformaldehyde for 3 days. Fixed brain aggregates are washed with PBS
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for 1 hr (3X) and incubated with blocking buffer (0.3% Triton X-100, 0.1% Tween
20, 2% bovine serum albumin and 10% normal goat serum in PBS) overnight
and stained with primary antibodies (PHF-tau (MN1020, Thermo Scientific) and
anti-beta tubulin (H-235, Santa Cruz Biotech); 1:100) for 3 days. After incubation
with primary antibodies, they are washed with PBS and incubated with secondary
antibodies (goat anti-rabbit IgG conjugated with Alexa633 and goat anti-mouse
conjugated with Alexa568, Jackson Immunoresearch Laboratory; 1:800)
overnight. After washing with PBS for 1 hr (3X), they were coversliped with
Vectashield mounting media containing DAPI (H-1500, Vector laboratories).
Confocal images are taken with a Leica SP8 confocal microscope and 15-20 z-
sectioned images are stacked together before measuring phospho-tau intensity

with Image J.

2.6.3 Slice cultures

Hippocampal slices from 4 month old rTg4510 or wild type mice were perfused
with JG-48 (30 uM) or 1% DMSO vehicle control for 6 hours. Baseline signal was
recorded for 20 min, LTP was induced with TBS (5 bursts of 200 Hz separated by
200 ms, repeated 6 times with 10 s between the 6 trains), and LTP was recoded
for 60 min as previously described [31]. Changes in fEPSP slope are expressed

as a percentage of baselines.
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2.6.4 Protein expression and purification

Hsc70, Hsp70 and their co-chaperones were expressed and purified using
previously reported methods [49]. Apo chaperone was prepared from several
days of dialysis in assay buffer (0.017% Triton X-100, 100 mM Tris-HCI, 20 mM

KCI, and 6 mM MgCl,, pH 7.4) at 4 °C to remove nucleotide.

2.6.5 NMR

Titration studies were carried out as previously described [36]. NMR samples of
160 uM N labeled Hsc70ngp in 25 mM TrisHCI, 10 mM KCI, 8 mM MgCls, 10
mM PO,%, 0.015% NaNs, 5% D,O and pH 7.0 was treated with either DMSO
alone or JG-48 (200 uM). TROSY-HSQC data was processed in NMR PIPES

and converted to SPARKY format. Spectra were manually analyzed in SPARKY.

2.6.6 Fluorescence Polarization

ATP-FAM. Fluorescence polarization experiments were performed in 384-well,
black, low volume, round-bottom plates (Corning) using a SpectraMax plate
reader. Increasing amounts of compound were incubated with nucleotide-free
Hsc70 (400nM) and ATP-FAM (20 nM) (Jena Bioscience) for three hours at room
temperature in assay buffer (0.017% Triton X-100, 100 mM Tris-HCI, 20 mM KCl,
and 6 mM MgCl,, pH 7.4) prior to measurement by plate reader (Ex. 485 nm, Em.
535nm, 530nm cutoff). The final DMSO concentration in each well was 4% and
compounds were serially diluted two-fold in 100% DMSO. All data was

subsequently analyzed by Prism (Graphpad Software).

65



HLA-FAM. Experiments were adapted from previously reported methods [49].
Briefly, 5 yM Hsc70 in the presence of 1 mM ADP was incubated with 25 nM
HLA-FAM and treated with increasing concentrations of NEF proteins in 384-well,
black, low volume, round-bottom plates (Corning) in the presence and absence
of compound for 2 hrs at RT in assay buffer (0.017% Triton X-100, 100 mM Tris-
HCI, 20 mM KCI, and 6 mM MgCly, pH 7.4). Following incubation, fluorescence
polarization was measured using a SpectraMax plate reader (Ex. 485nm, Em.
535nm, 530nm cutoff). All data was subsequently analyzed by Prism (Graphpad

Software).

2.6.7 ATPase Assay

Assay was adopted from previously reported methods [44]. Briefly, Hsc70 (1 uM),
J-protein (0.2 uM), 1 mM ATP and increasing amounts of NEF were incubated for
1-2 hours in assay buffer (0.017% Triton X-100, 100 mM Tris-HCI, 20 mM KCl,
and 6 mM MgCl,, pH 7.4) in the presence and absence of compound. The final
DMSO concentration was 4%. Afterwards, 80 uL of malachite green reagent was
added for phosphate detection followed by the addition of sodium citrate to halt
non-enzymatic ATP hydrolysis. Absorbance was measured by a SpectraMax

plate reader (ODe20) to determine phosphate concentration.

2.6.8 Luciferase Refolding

Assay was adopted from previously reported methods [85]. Briefly, denatured

luciferase (100 nM) was incubated with Hsc70 (1 uM), J-protein (0.2 uM), 1 mM
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ATP and increasing amounts of NEF in assay buffer (23 mM HEPES, 120 mM
KAc, 1.2 mM MgAc, 2.2 mM DTT, 1 mM ATP, 8.8 uM creatine phosphate,
35U/mL creatine kinase pH 7.4) for one hour in the presence and absence of
compound. The final DMSO concentration was 4%. After the addition of the
SteadyGlo reagent (Promega), luminescence was measured in a SpectraMax

plate reader to determine the amount of refolded luciferase.

2.6.9 Flow Cytometry Protein Interaction Assay (FCPIA)

Procedure is adapted from previously reported methods [86]. Biotinylated Hsc70
was immobilized on polystyrene streptavidin coated beads (Spherotech),
incubated with Alexa-Fluor 488 labeled NEF (50 nM) and increasing amounts of
compound in buffer A (25 mM HEPES, 5 mM MgCl,, 10 mM KCI, 0.03% Tween-
20 pH 7.5). Protein complex inhibition was detected by measuring bead-
associated fluorescence using an Accuri C6 Flow Cytometer. DMSO is used as a

negative control and 1 uM excess unlabeled Hsc70 is used as a positive control.

2.6.10 Tau Binding ELISA

Method was adapted from a previous report [29]. Briefly, 1 uM human Hsc70 (30
pL) was immobilized overnight at 37 °C in clear, non-sterile 96-well plates
(Thermo) in 50mM MES (pH 5.5) and 0.5 mM DTT with 1 mM ADP. Wells were
washed with 100 pL of PSB-T (3 x 3 min., rocking) prior to the addition of 30 pyL
of 4RON tau solution in binding buffer (25 mM HEPES, 40 mM KCI, 8 mM MgCly,

100 mM NaCl, 0.01% Tween, pH 7.4) with 1 mM ADP and 1 pL of either DMSO
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or compound for 3 hrs at RT. After blocking in 5% milk, quantification of tau
binding was performed using rabbit anti-tau (H150) primary antibody (Santa
Cruz, sc-5587, 1:2000 in TBS-T, 50 pL/well) and goat anti-rabbit HRP-conjugated
secondary (Anaspec, 28177, 1:2000 in TBS-T, 50 pL/well). TMB substrate (Cell
Signaling, 7400L) and 1N HCI were used to detect binding. Absorbance was
measured using a SpectraMax plate reader (OD4s0). Minimal, non-specific
binding of 4RON tau to empty wells was subtracted as background and curves

were fit using non-zero intercept hyperbolic fits in Prism (GraphPad Software).

2.6.11 Immunoprecipitation of V5-Tau

The co-immunoprecipitation procedure was adopted from previously described
methods [29]. Briefly, HeLa C3 cells were treated with bortezomib in a final
concentration of 5 uM for 4 hours prior to lysis in mammalian protein extraction
reagent (Thermo Scientific). Following protein quantification, 5 mg of lysate was
incubated with 40 pL of anti-tau antibody (Santa Cruz, sc-166060) and 50 yM
JG-48 or DMSO (5%) at 4 °C in the dark overnight. Lysate was incubated with
normal goat IgG with DMSO (4%) as a negative control. Beads were then
conjugated to Protein A/G agarose beads (Santa Cruz, sc-2003) for 4 hours at 4
°C and washed 3 times with 100 yL of PBS (Gibco) at 1000xg for 1 minute.
Proteins were eluted by boiling at 96 °C in 40uL of SDS loading dye, and 10 uL
of sample were separated on 4-15% Tris-trycine gels (Bio-rad) and transferred to
nitrocellulose membrane. The membranes were blocked in nonfat milk (5% milk

in TBS, 0.5% Tween) for 1 hour, incubated with primary antibodies for Tau
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(Santa Cruz, sc-5587) and Hsp72 (Enzo, ADI-SPA-811) overnight at 4 °C in the
dark, washed, and then incubated with a horseradish peroxidase-conjugated
secondary antibody (Anaspec, 28177) for 1 hour. Finally, membranes were
developed using chemiluminescence (Thermo Scientific, Supersignal® West

Pico).

2.6.12 Protein Dynamics and Molecular Modeling

Computational modeling of JG-48 binding to Hsc70ngp (PDB: 3C7N) was
obtained using similar methods as previously described [34, 35]. Briefly,
AUTODOCK-4.2 was used for the docking of JG-48 to Hsc70ngp with the
following parameters: GA runs = 100, initial population size = 1500, max number
of evaluations = long, max number of surviving top individuals = 1, gene mutation
rate = 0.02, rate of crossover = 0.8, GA crossover mode: two points, Caushy
distribution mean for gene mutation = 0, Cauchy distribution variance for gene
mutation = 1, number of generations for picking worst individuals = 10. The
docked structures were clustered and then evaluated using PyMOL. All
calculations were completed on an Apple MacBookPro computer equipped with a

64-bit 2.4 GHz Intel Core 2 Duo processor running MacOSX 10.6.8.

2.6.13 Synthesis of JG-48 and JG-273
First, functionalized anilines were cyclized by reaction with potassium ethyl
xanthate, and the product was methylated by methyl iodide. The substituted 2-

(methylthio)benzothiazole was reacted with p-TsOMe to afford its
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methylthioiminium salt, which was subsequently condensed with various N-
ethylrhodanine. The product was activated by p-TsOMe, followed by the
condensation with 1-((1,3-dioxoisoindolin-2-yl)methyl)-2-methylpyridin-1-ium
bromide. Finally, the protection group on the pyridine nitrogen was removed in
the presence of catalytic amounts of aqueous ammonium hydroxide. Final

products were collected in overall yield of approximately 40%.

JG-48: "H NMR (400 MHz, DMSO) & 8.55 (d, J = 4.1 Hz, 1H), 8.12 (s, 1H), 7.67
(dd, J=7.9, 5.2 Hz, 1H), 7.63 (dd, J = 7.4, 1.8 Hz, 1H), 7.46 (d, J = 8.7 Hz, 1H),
7.27 (d, J = 8.0 Hz, 1H), 6.97 (ddd, J = 7.3, 4.9, 1.1 Hz, 1H), 6.25 (s, 1H), 3.98 (s,
3H), 3.91 (q, J = 7.0 Hz, 2H), 1.21 (t, J = 7.1 Hz, 3H). ESI-MS: calculated for

C20H17F3N308S," 436.08, found 436.04.

JG-273: "H NMR (400 MHz, DMSO) & 8.47 (d, J = 4.3 Hz, 1H), 7.59 (td, J = 7.8,
1.7 Hz, 1H), 7.19 (d, J = 8.0 Hz, 1H), 6.90 (dd, J = 6.7, 5.4 Hz, 1H), 6.08 (s, 1H),
3.81(d, J= 7.1 Hz, 2H), 3.65 (t, J = 7.3 Hz, 2H), 3.32 (s, 3H), 3.08 (t, J = 7.2 Hz,
2H), 1.14 (t, J = 7.0 Hz, 3H). ESI-MS: calculated for C15H:sNsOS,* 320.09, found

320.13.

Notes
This work was adapted from published material entitled “Stabilizing the Hsp70-
Tau Complex Normalizes Proteostasis in a Model of Tauopathy” Young, ZT,

Rauch, JN; Assimon, VA, Jinwal, UK; Ahn, M; Li, X; Dunyak, BM; Ahmad, A;
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Carlson, GA; Srinivasan, SR; Zuiderweg, ERP; Dickey, CA; Gestwicki, JE. (2016)

Cell Chemical Biology (in press).
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2.7 Appendix

(A) Synthesis of JG-48 and JG-273
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Appendix 2.1 Compound synthesis and characterization. (A) Synthetic route to JG-48 and JG-273. (a)
Potassium ethyl xanthate, DMF, 4 h, 125 °C; 2. methyl iodide, triethyl-amine, ethanol, 1 h, 80 °C (b) methyl
p-toluenesulfonate, anisole, 125 °C; for JG-273, was used as starting material. (c) 3-ethylrhodanine,
triethylamine, acetonitrile, 4 h, 25 °C (d) methyl p-toluenesulfonate, DMF, 3 h, 135 °C (e) triethyl-amine,
acetonitrile, 3 h, 70 °C (f) aqueous ammonia, DCM/methanol (1:3), 1 h, r.t. See the methods for NMR and
MS characterization. (B) Spectral properties of JG-48, showing that it is less fluorescent at 535/620 nm,
which is critical for its use in biochemical assays. (C) JG-48 (10 uM) has no effect on LTP in non-transgenic
hippocampal slices from 3-4 month old WT mice. fEPSP traces are an average of JG-48 (n=9) or vehicle-
treated (n=4).
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(A) Representative results: Inhibition of Hsc70 ATPase (C) Representative results: Inhibition of Hsc70-mediated

activity luciferase refolding activity
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Appendix 2.2 Representative results from ATPase and luciferase refolding experiments. (A) Stimulation of
ATPase activity by DnaJA2 is mildly inhibited. Similar results were seen for other DnaJ family members (se
Figure 2.3.B). Likewise, inhibitors blocked stimulation of Hsc70 by BAG-1 and similar results were seen for
other NEFs (see Figure 2.3.B). The control compound, JG-273, was inactive. Results are the average of
three independent experiments performed in triplicate each. Error bars represent the standard deviations.
Compounds were assayed at 50uM. Hsc70 = 1 yM. (B) None of the compounds (50uM) interfere with the
enzyme activity of native firefly luciferase. (C) Luciferase refolding was measured by luminescence after
treatment of denatured luciferase with chaperone systems. Representative results are shown for DnaJA2
and BAG-1, while similar results were seen for other J proteins and NEFs (see Figure 2.3.B). Results are the
average of two independent experiments performed in triplicate each. Error bars represent the standard
deviation. Compounds were assayed at 50uM. Hsc70 = 1 uM. (D) Chemical structures of Hsp70 modulators
assayed.
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(A) Hsc70 inhibitors regulate binding to tau
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(D) Hsc70 paralogs have varying effects on tau levels
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Appendix 2.3 Controls and raw data for the correlation studies in Table 2.1 and Figure 2.5. (A) ELISA study
on the effects of Hsc70 inhibitors on tau affinity. (B) Sample of the raw data showing the effects of Hsc70
manipulations on tau levels in HeLaC3 cells. Results are representative of experiments performed in
duplicate each and error bars represent the SEM. (C) Sample of the raw data showing the effects of Hsc70
mutations on tau levels in HeLaC3 cells. Results are representative of experiments performed in duplicate
each and error bars represent the SEM. (D) Raw data showing the effects of Hsc70 paralogs on tau levels in
HeLaC3 cells. Results are representative of experiments performed in triplicate each and error bars

represent the SEM.
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Chapter 3
Functional Genomics Guides Hsp70 Target Validation in a Phenotype

Driven Medicinal Chemistry Campaign

3.1 Introduction

In Chapter 2, | described the use of rhodacyanine analogs, such as JG-48, as
inhibitors of the molecular chaperone Hsp70. In addition to its roles in tau
homeostasis, Hsp70 is also predicted to be a promising target in cancer because
of its high expression in transformed cells and its key roles in anti-apoptotic
signaling. Therefore, there was interest in developing JG-48 and its analogs as
possible anti-cancer agents. Accordingly, hit-to-lead studies on JG-48 produced
~450 analogs and led to improvements in both potency (ECso ~ 30 nM) and
safety (therapeutic index ~100) in cell-based viability assays. Like most
successful hit-to-lead studies, we noticed “jumps” in safety and efficacy as the
campaign progressed, ultimately improving activity by approximately two orders
of magnitude. In phenotypic assays, these improvements are often ascribed to
better on-target binding, reduced off-target binding, better membrane
permeability or some combination of these factors. However, the “black box”
nature of phenotypic assays often prevents deeper insight into the mechanistic

origins of the improvements, precluding the purposeful exploitation of the driving
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feature. We envisioned that this model system and our experience in Hsp70
biology (see Chapter 1 and 2) might provide an opportunity to reveal the
mechanistic reasons of improved activity throughout the medicinal chemistry
campaign in “real time”. Specifically, we reasoned that full-genome CRISPR
knockdown technology (termed CRISPRIi) might be deployed to profile the on-
and off-target activity of benchmark molecules through the chemical series, with
a special focus on molecules near the activity “leaps”. Using this approach, we
confirmed that the rhodacyanines require Hsp70 for their activity in cells, but,
unexpectedly, we found that greater selectivity was associated with a switch from
inhibition of mitochondrial and cytoplasmic Hsp70 to preferential inhibition of
endoplasmic reticulum Hsp70. Using microscopy and genetics, we confirmed that
compounds partitioned into distinct sub-cellular compartments and that this
localization was important for their relative safety in normal fibroblasts. These
findings provide unprecedented insight into the mechanistic reasons for improved
activity during phenotype-driven medicinal chemistry campaigns. In addition, they

illustrate that specific Hsp70 paralogs are better targets than others for cancer.

3.2 Current methods for target validation

Treating disease requires the careful selection of relevant protein targets that can
be modulated to produce a desired phenotype. Often, the suitability of the target
is first confirmed using genetics, such as knockdowns or the results of genome-
wide association studies (GWAS). Then, the initial inhibitor scaffold is uncovered

through a screening approach and iteratively improved through a medicinal
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chemistry campaign to advance affinity, selectivity, pharmacokinetics and other
parameters. At the conclusion of the campaign, confirmation of target
engagement in cells and animals and phenotype evaluation in a given disease
model are performed to help guide the selection of candidates for further clinical
and pre-clinical development. The initial goal of a clinical trial, especially for novel
targets, is often to confirm (or deny) that engaging the target is indeed safe and

effective.

While drug discovery can bottleneck at the pharmacokinetic and
pharmacodynamics stage [1], rigorous assessment of target engagement
remains a major challenge to overcoming costly failures of potential drugs in
Phase | and Phase Il clinical trials [2-5]. Retrospective analyses of failed trials
performed by major pharmaceutical companies suggest that target engagement
is sometimes not satisfyingly confirmed, raising questions as to whether the initial

hypothesis of the target’s possible role in disease was addressed.

How does one know that a phenotypic change occurs through the action of a
small molecule on a specific protein target? One approach is to use
computational protein modeling to predict compound binding sites and
interactions; however, this practice works best when a target is known and a
protein structure is available. Furthermore, this approach, along with biochemical
characterization of rationally designed compounds binding to known targets,

does not account for off-target or non-specific binding to proteins which can lead
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to complications early in clinical development. Another method is
chemoproteomics, in which immobilized small molecules are used to identify
binding partners. Eluted proteins can be separated and analyzed by mass
spectroscopy to identify or confirm binding of compounds to a protein targets, a
method which was recently applied to find chemical probes for the chaperones
Hsp70 [6] and Hsp90 [7]. Another form of chemoproteomics, competitive activity
based protein profiling (ABPP), utilizes affinity probes based on natural protein
ligands. Competitive ABPP can be used to characterize compounds by revealing
proteins that are blocked from binding the probes in the presence of test
compounds [8]. Chemoproteomics is valuable in its ability to evaluate compound
selectivity in that small molecules with multiple binding partners can be easily
distinguished. Nevertheless, this approach is currently limited to application with
protein classes such as kinases, cysteine proteases and ATP binding proteins
which have ligands that are easily modifiable into affinity probes [2, 8]. A variant
of this approach is theranostics, in which the molecule is appended to an imaging
agent suitable for PET, such that target engagement and retention can be

directly correlated with outcomes [9].

Because of the time and cost involved in probe development, these approaches
rarely allow careful analysis of target engagement throughout the medicinal
chemistry campaign. Rather, these methods are often deployed at the conclusion
of the process, only on the “best” molecules. We wondered if emerging methods

in whole-genome CRISPR screens might be used to over-come this limitation
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and provide detailed insight into target validation at each incremental step in a
medicinal chemistry campaign, with the goal of providing “real time” guidance

into on- and off-target binding.

3.3 CRISPR genetic screens as a new tool for target identification
Functional genetic screening modalities like RNA interference (RNAi), have been
applied to cancer and neurodegenerative disease models in order to identify
targets of small molecules [10, 11] or identify genes with the potential to become
drug targets. Recently, clustered regularly interspaced short palindromic repeats
(CRISPR) has emerged as a complementary method, with superior selectivity
and the ability to be adopted for either gene deletion, modification or
amplification. The CRISPR interference (CRISPRI) technology utilizes an
adapted Cas9 nuclease system with a designed short hairpin guide RNA
(sgRNA) that both activates Cas9 and recognizes a specific DNA sequence
leading to gene silencing through inhibition of translation [12]. With a designed
library of sgRNAs to target specific genes, CRISPRI can be used for profiling
genome wide repression of protein expression [13]. When applied to drug
discovery, benefits of CRISPRI include a comprehensive exploration of small
molecule mechanism through definition of on-target and off-target pathway
activation. Functional genomic screens also provide insights into mechanisms of
compound trafficking, such as which ABC transporters might be used to gain
entry. CRISPRI screens can even be performed in parallel with CRISPR

activation (CRISPRa), in which the dCas9 is appended to transcriptional
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activation proteins, such that the sgRNA drives over-expression of the target
protein. For some targets, especially those with some redundancy or multiple
paralogs, CRISPRa might be expected to provide highly complementary

information about which target is most important for the phenotype.

Here we report that genome wide CRISPRIi/a screens can be used to confirm the
molecular chaperone Hsp70 as the target of the rhodacyanine compound series
described in Chapter 2. Additionally, comprehensive sgRNA library coverage of
Hsp70 paralogs revealed un-expected, preferential to organelle-specific Hsp70s
that is tightly linked to the relative safety of the molecules. Fluorescence
microscopy confirmed the proposed compound localization in the mitochondria,
cytoplasm and ER. Using this knowledge, we used the compounds as chemical
probes to reveal which distinct Hsp70 paralogs are superior targets for cancer,

and tauopathy.

3.4 Results

3.4.1 Improvement of Hsp70 inhibitors through a structure-guided
medicinal chemistry campaign.

As discussed in Chapters 1 and 2, rhodacyanines, such as MKT-077, JG-48 and
JG-98, bind to Hsp70 in a highly conserved allosteric pocket [14, 15].
HSPAB8/Hsc70 is the constitutively expressed form of Hsp70 and is primarily
located in the cytosol along with HSPA1A/Hsp72, which is highly expressed

during cell stress. HSPAS is the gene encoding binding immunoglobulin protein
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(BiP), the endoplasmic reticulum (ER) localized form of Hsp70. Another major
form is HSPA9 or mortalin which regulates protein homeostasis in the
mitochondria. Sequence alignment shows that while these proteins have different
localization in cells, the hydrophobic cleft where MKT-077 analogs bind has little

variability (Appendix 3.1A).

Other members of the Gestwicki group have been interested in developing MKT-
077 and its analogs as potential treatments for cancer. Based on the binding site
of MKT-077 and JG-98 in Hsc70, Dr. Xiaokai Li synthesized a library of ~450
analogs and, in collaboration with Dr. Hao Shao, tested each of them for anti-
proliferative activity in two breast cancer cell lines, MDA-MB-231 and MCF7, as
well as two lines of normal fibroblasts, MEFs and IMR90s. Using MTT assays
performed in quadruplicate, they calculated a growth inhibition value (GI50) and
then calculated a relative therapeutic index (Tl) by comparing the activity against
the transformed and normal cells. In addition, each compound was tested for
solubility by HPLC, projected membrane permeability in PAMPA assays and for
metabolic stability in mouse liver microsome experiments. Compounds were
synthesized and tested in groups of approximately 20 to 30 molecules and the
holistic results of the assays were examined to help guide the next round of
synthesis, with the goal of optimizing safety, solubility, potency and stability.
Binding of a subset of the molecules to Hsc70 was tested in vitro, using
biotinylated compounds in an ELISA format [16]. In addition, the binding site of a

subset of molecules, including JG-98 and JG-48, were confirmed using HSQC
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NMR [16]. Finally, a subset of molecules was tested for anti-tumor activity in
xenograft models. After calculation of pharmacokinetic and pharmacodynamic
parameters, Dr. Hao Shao developed a dosing scheme and found that JG-98
and JG-231 were active in preventing tumor growth in mice (unpublished) [16,
17]. Together, these results tentatively confirmed that Hsp70 is a potential drug
target for breast cancer. Similar studies with other collaborators have shown that
Hsp70 is also a good target for castration-resistant prostate cancer and multiple
myeloma (data not shown), suggesting that this target might play relatively broad
roles. Two former graduate students in the Gestwicki laboratory. Drs. Sharan
Srinivasan and Laura Cesa, led studies to suggest that Hsp70 stabilizes anti-
apoptotic proteins, including IAP1/2 (data not shown). | contributed to many of
these efforts, through the synthesis of a subset of analogs and the testing of
others in assays described in Chapter 2. However, my primary interest was to
leverage the ongoing medicinal chemistry campaign to understand target
engagement and target selectivity. In turn, my goal was to use this knowledge to
more deeply probe the roles of Hsp70 in tau homeostasis, as discussed in
Chapter 1. More specifically, the relatively rapid pace of the anti-cancer projects
provided a convenient platform for using CRISPRi/a, as described above.
Importantly, the challenges facing this project were similar to many oncology
drug discovery projects, in that the assays are primarily phenotypic (e.g. cell

viability) so it isn’'t always clear why improvements in potency or safety arise.
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When we plotted compound number versus the anti-cancer Glsg values, the
improvement in potency is clear (Figure 3.1A). Similarly, the relative safety of the
molecules also improved, from about Tl ~ 3 to Tl >30 (Fig 3.1A; Appendix 3.7).
Benchmark molecules through the campaign were then selected for closer
inspection, including molecules from the early part of the series (i.e. MKT-077
and JG-98; Figure 3.1B) and those points throughout the campaign (i.e. JG-194,
JG-231, JG-294 and JG-345; Figure 3.1B). These particular compounds were
selected because they represented points in the campaign associated with
marked improvements in either potency or safety. We wondered if these

transitions might be ascribed to specific changes in target engagement.

A. Increasing potency in the rhodacyanine chemical series is correlated with safety
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Figure 3.1 Summary of the rhodacyanine chemical series. (A) Chronological compound number versus
MCEF-7 ECso shows a strong increase in potency throughout the chemical series. (B) Diversity in the
modifications to the rhodacyanine scaffold drive potency. (C) CRISPRI screens identify rhodacyanines which
show preferential binding to Hsp70 paralogs
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Using the benchmark compounds, we conducted comprehensive CRISPRI
screening in collaboration with Luke Gilbert and Jonathan Weissman (UCSF).
For these experiments, K562 cells with a stable and inducible dCas9 expression
system are infected by lentiviral methods with a well-designed sgRNA library for
broad gene silencing. Infected cells are treated with compounds JG-98, JG-194
and JG294 and passaged for about 10 doublings. Treated cells are harvested
and subjected to deep sequencing for sgRNA quantification (Figure 3.1C).
Statistical comparison of sgRNA guide abundance in treated and untreated
populations identifies genes that are significantly enriched or depleted by
compound treatment. We expect guides for genes that are sensitive to
compound treatment to deplete in the treated population when compared to
untreated control cells. Guides for genes that confer resistance will enrich in the
treated population when compared to control cells. We use rho (p) to represent
compound phenotypes based on fold change in cell count compared to
unselected cells. Plotting significant changes in frequency of sgRNA against rho
reveals genes that are sensitive to compound (negative p) and resistant to

compound (positive p) (Appendix 3.2, 3.3 and 3.4).

Thanks to the use of a well-designed CRISPRIi guide library with excellent
coverage of the Hsp70 family of genes, we find varying degrees of preference for
Hsp70 paralogs among the compounds. All three compounds show sensitivity to
the Hsp70 paralogs HSPA9 (mitochondria) and HSPAS (ER); however, both JG-

98 and JG-194 are most sensitive to HSPA9 while JG-294 shows a preference
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for HSPAS (Appendix 3.2, 3.3 and 3.4). Compounds JG-98 and JG-194 have
very similar CRISPRI profiles in cells; however, comparison of JG-194 to JG-294
highlights the differences in sensitive genes (Figure 3.2A, Appendix 3.7). In line
with these results, GO term enrichment analysis of JG-194 hits reveals disruption
of mitochondrial protein networks while JG-294 appears to mostly affect protein
synthesis gene sets (Figure 3.2B). These findings point to potentially significant
differences in compound mechanisms in cells, which might explain variabilities in
potency and safety index. This is an important result because it shows, for the
first time, that improvements in a medicinal chemistry campaign can arise from
changes in on- and off-target binding. We are currently validating addition genes
from the CRISPR screens, especially those that are not Hsp70 paralogs. One
interest set is the ABC transporters because preliminary evidence suggests that
the rhodacyanines might use these proteins to enter cells. Other possible off-
target proteins are included in Tables 3.2 and 3.3. We are also completing
CRISPRa screens on each benchmark molecule. Recent results on JG-294
seem to confirm the suspected role of BiP (data not shown). Unlike ABPP, this
approach cannot be used to discern if a target is directly bound, only that altering
its levels impacts the phenotype. Thus, some of the genes identified by CRISPR
may be indirectly involved. Biochemical binding studies will be needed to explore
this issue. Regardless, we were excited to see that Hsp70s (the desired target)
were predominant in the datasets. The CRISPR screens take approximately 1
month to complete and four molecules can be routinely tested at one time, so the

speed of whole-genome interrogation is favorable.
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Figure 3.2 Summary of CRISPRI screening data. (A) JG-98 and JG-194 have highly similar sensitive and
resistant genes in cells suggesting these compounds have overlapping mechanisms. In contrast, JG-294
has only a moderately similar CRISPRI profile to JG-98 and JG194, which underscores the differences in
efficacy and safety for these compounds. (B) Identification of GO terms for compounds JG-194 and JG-294
reveals a significant number of mitochondrial targets for JG-194 and several early protein synthesis targets
for JG-294.

3.4.2 Rhodacyanines partition distinctly in cells by fluorescence
microscopy

The CRISPR screens suggested that there was a “switch” from
cytoplasmic/mitochondrial Hsp70s to ER Hsp70 during the course of the
medicinal chemistry campaign. Specifically, JG-98 and JG-194 seemed to
require mortalin for activity, while JG-294 and JG-345 required BiP. In order to
test this theory, we first needed to confirm that compounds do in fact localize

differently in cells by microscopy. We utilized the intrinsic fluorescence of the
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rhodacyanine scaffold along with HelLa cells stably expressing fluorescent
organelle markers to observe and quantify compound localization in live cells.
Because of the broad excitation and emission spectrum of the compounds
(Appendix 3.8), we used a far red monomeric infrared fluorescent protein (mIFP)
to label the mitochondria and ER while preventing signal overlap with compounds
[18]. After treatment with 1TuM compound for 30 minutes, live cells were washed
and imaged. Using a Manders calculation [19, 20], colocalization was quantified
for each compound in both ER and mitochondrial labeled cells. Specifically, |
found that both JG-98 and JG-194 show just over %70 signal colocalization with
the mitochondria while the fraction of signal colocalization with the ER (~50%) is
similar to that which is seen with a commercially available mitochondrial probe
(Mito Tracker® Green) (Figure 3.4). These results confirm the HSPA9 sensitivity
observed for JG-98 and JG-194 in the CRISPR screen. Interestingly, JG-231, a
close analog of JG-294, shows the most ER localization in cells with 80% signal
overlap. Preliminary results from a collaboration with Jeffrey Brodsky’s lab show
that JG-231 induces mRNA levels and expression of HSPA5 and proteins
involved in the regulation of the unfolded protein response (UPR) including
CHOP (data not shown). We expect future CRISPRIi/a screening of JG-231 to

reveal important protein targets related to its subcellular localization.

Although the CRISPRI results comparing JG-98 to JG-294 indicate a difference

in cellular targets and mechanism, JG-294 has a cellular distribution profile

similar to that off JG-98. It is possible that a longer incubation is required to
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A. Rhodacyanines localize to the mitochondria in Hela cells B. Few rhodacyanines partition into the ER in HelLa cells
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Figure 3.3 Measurement of compound localization in HeLa cells by fluorescence microscopy. (A)
Rhodacyanines localize with mitochondria in cells. Images are representative of experiments performed in
duplicate. (B) Only JG-231 localizes with the ER in cells. Images are representative of experiments
performed in duplicate. (C) Control experiments show that the mitochondrial probe MitoTracker® colocalizes
with mIFP labeled mitochondria but not ER. (D) Quantification of compound localization using Mander’s
coefficients. Results are averages of at least two independent calculations and error bars represent SEM.

observe distinct localization of JG-294 in cells; however, for these initial
experiments, we monitored fluorescence after a 30-minute incubation in order to
distinguish results from confounding factors such as cell death and potential

degradation of signal. Now that we have validated fluorescence microscopy as a
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platform for probing compound localization in cells, future experiments will utilize
Z-stacks for 3D reconstruction of cellular organelles and robust colocalization

quantification.

3.4.3 Paralog specific rhodacyanines reduce tau levels with varying
efficiency

As discussed in chapters 1 and 2, Hsp70 is a strong target for normalizing tau
homeostasis in instances of tau mislocalization or accumulation. While the
effects of modulating Hsc70 and Hsp72 on tau stability are well-characterized,
the roles of Hsp70 paralogs like BiP and mortalin have only been somewhat
explored. The accumulation of tau in transgenic mice induces the unfolded
protein response (UPR) in the ER in response to impairment of normal
endoplasmic reticulum associated degradation (ERAD) [21]. A similar result was
observed in HEK cells with inducible tau expression. In these cells, upregulation
of tau simultaneously induced UPR as measured by increases in levels of BiP,
ubiquitin and a pathway associated kinase [21]. Furthermore, activation of the
UPR increases tau phosphorylation prior to tau aggregation signifying therapeutic
potential in modulating ER degradation and stress pathways as a means of

preventing tau pathogenesis [22, 23].
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Figure 3.4 Rhodacyanines increase degradation of tau variants in HEK cells. Cells were treated with 5uM
compound with the exception of JG-40 and JG-48 which were used at 10uM. Compounds were tested in
duplicate and representative western blots are shown. Error bars represent the SEM.

Given precedence for the role of the ER and BiP in tau quality control, we probed

the ability of rhodacyanines to modulate tau levels in cells. HEK cells stably
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expressing doxycycline (DOX) inducible tau variants were treated with
compounds to measure degradation of disease-related tau mutants P301S,
A152T and D348G. Each of these mutations cause aberrations in tau
homeostasis which induce tau accumulation or aggregation and eventual cell
death [24-28]. We also treated HEK cells expressing a tau variant with deletions
of residues important for microtubule binding referred to as A277/278/308/309
tau. Immunostaining of cell lysates shows that active compounds totally reduce
tau levels after 24 hours for all of the tau variants tested (Figure 3.4). The
strongest phenotype is observed with compounds JG-98, JG-194, JG-231 and
JG-345, while the negative control JG-258 has no effect. Interestingly, all of
these active compounds show preference for mitochondrial or ER Hsp70
paralogs over the cytosolic versions which points to chaperone networks in these
two organelles playing a significant role in tau degradation. Overexpression of
BiP in the tau inducible cells leads to a dramatic reduction in tau levels, further
pointing to BiP as an underexplored yet promising target for regulating tau

homeostasis (Figure 3.5).
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Figure 3.5 BiP overexpression reduces levels of tau variants in HEK293 cells. Experiment was performed in
duplicate and a representative blot is shown. C=control T=transfected. Error bars represent SEM.
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As discussed in Chapter 2, we used Hsp70 mutants to illustrate that Hsp70
affinity for substrates like tau is roughly correlated with client degradation in cells.
Future work will utilize Hsp70 mutants to elucidate the role and function of Hsp70
paralogs in models for diseases like tauopathy. Using docking models and
previously reported protein NMR results [14, 16], Victoria Assimon, a former
student in the lab, and | have designed and characterized Hsc70 point mutants
with modified resides within the rhodacyanine binding site (Appendix 3.9A).
Through analysis of co-chaperone mediated ATPase activity and luciferase
refolding activity, | found that some mutants exhibit WT-like activity while others
are either hyperactive or hypoactive (Appendix 3.9B and 3.9C). We expect the
variability in enzymatic behavior of the Hsp70 mutants to manifest in vivo as
mutants that stabilize substrate binding are likely to present phenotypes very
different from mutants that destabilize Hsp70-tau complexes. Therefore,
application of these point mutants to Hsp70 paralogs like BiP and mortalin are
likely to result in varying phenotypes that will aid in understanding the role of

subcellular Hsp70 networks in the initiation and transmission of pathology.

3.5 Discussion

CRISPR screening strategies have emerged for the identification of drug targets,
resistance mechanisms and functional genomics. Here, we applied this
technology to better understand how medicinal chemistry campaigns evolve
during a phenotype-driven optimization. In the past, such optimization steps

might have been “black box” efforts in which potency is improved without insight
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into on- or off-target interactions. As discussed above, our novel implementation
of CRISPRI technology revealed distinct compound targets and we envision that
this approach might represent a way to explain efficacy and/or safety “jumps” in a
medicinal chemistry series. For example, we found that rhodacyanines exhibit
preferential binding to individual Hsp70 paralogs (or sets of paralogs) and that
less toxic/more effective molecules tended to bind BIP. JG-294 may be a
particularly good lead candidate for developing BIP/HSPAS selective inhibitors
and future work in the Gestwicki laboratory will exploit these observations to
further improve selectivity. In addition, we plan to complete additional CRISPRAI
screens to further aid in the design of more potent, selective and safe
compounds. This effort will need to include a CRISPR-based method for
simultaneously removing both cytoplasmic paralogs (Hsc70 and Hsp72) because
these forms seem to be partly redundant. Because of the central role of Hsp70 in
protein homeostasis, these CRISPR tools, as well as paralog specific Hsp70-
binding compounds will be particularly helpful in understanding which forms can

be safely targeted for an individual disease.

In addition to revealing Hsp70 paralog selectivity, the CRISPR screens also
revealed other interesting mechanisms related to these compounds. For
example, some of the genes that displayed strong resistance phenotypes
following JG-294 treatment were members of the ER membrane protein complex
(EMC) (Appendix 3.6 and 3.7). Because the role of the EMC is not well

understood [29, 30], there is great opportunity to use JG-294 as a chemical
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biology tool to understand functions of this protein complex and its implication in
disease. Another important observation was that ABC transporters appeared to
be broadly required for compound efficacy. For example, ABCC1 is a member of
the multi drug resistant protein family, which is responsible for transporting
biomolecules across cellular membranes. Knockdown limited compound activity,
suggesting that it might serve a role in drug uptake. Additionally, we found that
ATP1A1 and ATP1B3, which encode sodium and potassium ATPases, were
strong hits in the CRISPRI screens. Because these proteins regulate osmolarity
and the compounds contain a cationic pyridinium, these ion channels may also
be involved in compound transport into the cell. Knowledge of compound
trafficking mechanisms is likely to improve chances for success at the drug
development and pre-clinical stages where an understanding drug
pharmacokinetics is critical. Among the other genes identified in the CRISPR
screens, there are likely off-target interaction partners. Although we have not yet
validated any of these off-target partners, this approach may provide new

opportunities to further guide safety and selectivity.

Previous work has identified cytosolic Hsc70 networks and the compound JG-40
as regulators of Dengue virulence [31]. However, JG-40 and JG-48 have weak
activity in reducing tau levels in inducible tau models, whereas the compounds
later in the chemical series, such as JG-294, exhibit strong anti-tau activity
(Figure 3.5). These results suggest that certain Hsp70 paralogs are better targets

for some diseases (e.g. cytosolic Hsp70 for Dengue viral infection and BIP for
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tauopathies). Thus, molecules in this series might prove to be powerful chemical
probes for understanding which Hsp70 paralogs are linked to individual diseases.
We envision that it will be important to supplement these chemical tools with
genetic ones, such as the point mutants developed above, because of the

potential for off-target binding.

The comprehensive and unbiased nature of CRISPRI screen makes application
of this technology invaluable to drug discovery efforts. In this Chapter, | used
whole genome CRISPR screen to understand compound selectivity and
trafficking. Each screen required approximately 1 month to complete and four
compounds can be explored simultaneously in the most recent set-up at UCSF.
The throughput of this method permits testing of key molecules throughout a
medicinal chemistry campaign — not just the lead candidates. | found that this
approach could rather quickly characterize the targets of small molecules and
help elucidate their mechanism of action. This method has the potential to
remove the single largest barrier to phenotypic screens — which is the target
identification step [32]. In addition, this approach can simultaneously identify
biomarkers or sets of biomarkers. Our results illustrate that functional genomics
offers many benefits, especially when used to in conjunction with phenotypic

assays and medicinal chemistry campaigns.
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3.6 Methods

3.6.1 Synthesis

JG-98: "TH-NMR (400 MHz, DMSO-d): 5 8.26 (d, J = 4.0 Hz, 1H), 8.04 (d, J = 4.0
Hz, 1H), 7.89 (d, J = 4.0 Hz, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.51 (dd, J = 8.0, 4.0
Hz, 1H), 7.43-7.30 (m, 5H), 6.50 (s, 1H), 5.75 (s, 2H), 4.09-4.01 (m, 5H), 0.94 (t,
J = 8.0 Hz, 3H). ESI-MS: calculated for Co4H21CIN3OS;* 498.05; found 498.05.
JG-194: "TH-NMR (400 MHz, DMSO-ds): 5 8.26 (d, J = 4.0 Hz, 1H), 7.89 (d, J =
4.0 Hz, 1H), 7.75 (s, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.43 (t, J = 8.0 Hz, 2H), 7.39-
7.33 (m, 4H), 6.52 (s, 1H), 5.76 (s, 2H), 4.14-4.05 (m, 5H), 2.40 (s, 3H), 0.98 (t, J
= 8.0 Hz, 3H). ESI-MS: calculated for C2sH24N30S3" 478.11; found 478.07.
JG-231: "H-NMR (400 MHz, DMSO-ds): 5 8.24 (d, J = 4.0 Hz, 1H), 8.07 (d, J =
2.0 Hz, 1H), 7.88 (d, J = 4.0 Hz, 1H), 7.70 (d, J = 12.0 Hz, 1H), 7.55 (dd, J = 8.0,
4.0 Hz, 1H), 7.24 - 7.20 (m, 2H), 6.76 (s, 1H), 5.97 (s, 2H), 4.21 (q, J = 8.0 Hz,
2H), 410 (s, 3H), 118 (t, J = 8.0 Hz, 3H). ESI-MS: calculated for
C22H1sBrCIN;0S,4* 581.92; found 581.89.

JG-258: "H-NMR (400 MHz, DMSO-ds): 5 8.22 (d, J = 4.0 Hz, 1H), 7.83 (d, J =
4.0 Hz, 1H), 7.38 (d, J = 8.0 Hz, 2H), 7.35 - 7.29 (m, 3H), 6.43 (s, 1H), 5.71 (s,
2H), 4.00 — 3.85 (m, 4H), 3.45 (s, 3H), 3.22 (t, J = 8.0 Hz, 2H), 0.88 (t, J = 8.0 Hz,
3H). ESI-MS: calculated for CooH22N30S3" 416.09; found 416.02.

JG-294: "H-NMR (400 MHz, DMSO-ds): 5 8.21 (d, J = 2.0 Hz, 1H), 8.20 (d, J =
4.0 Hz, 1H), 7.88 (d, J = 4.0 Hz, 1H), 7.69 (dd, J = 8.0, 2.0 Hz, 1H), 7.64 (d, J =

12.0 Hz, 1H), 7.29 (d, J = 4.0 Hz, 1H), 6.93 (d, J = 4.0 Hz, 1H), 6.79 (s, 1H), 5.95
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(s, 2H), 4.21 (q, J = 8.0 Hz, 2H), 4.11 (s, 3H), 1.19 (t, J = 8.0 Hz, 3H). ESI-MS:
calculated for Co3H1sBrF3N3;0,S;" 599.97; found 599.99.

JG-345: "H-NMR (400 MHz, DMSO-ds): 6 8.06-7.99 (m, 2H), 7.87 (d, J = 4.0 Hz,
1H), 7.80 (s, 1H), 7.62 (t, J = 8.0 Hz, 2H), 7.52 (t, J = 8.0 Hz, 1H), 7.40 (t, J =
12.0 Hz, 1H), 6.91 (d, J = 8.0 Hz, 1H), 6.41 (s, 1H), 6.02 (s, 2H), 4.14 (s, 3H),
3.99 (q, J =4.0 Hz, 2H), 3.90 (s, 3H), 2.70 (q, J = 8.0 Hz, 2H), 1.22 (t, J = 8.0 Hz,
3H), 0.87 (t, J = 8.0 Hz, 3H). ESI-MS: calculated for C2gH23N303S3" 550.13; found

550.05.

3.6.2 CRISPRi screening methods and data analysis

Cell culture, DNA transfections, viral production, and construction of CRISPRI/a
cell lines. HEK293T cells were maintained in Dulbecco’s modified eagle medium
(DMEM) in 10 % FBS, 100 units/mL streptomycin and 100 ug/mL penicillin with
or without 2mM glutamine. K562 cells were grown in RPMI-1640 with 25mM
HEPES and 2.0 g/L NaHCo3 in 10 % FBS, 2 mM glutamine, 100 units/mL
streptomycin and 100 ug/mL penicillin. Lentivirus was produced by transfecting
HEK293T with standard packaging vectors using TransIT®-LTI Transfection
Reagent (Mirus, MIR 2306). Viral supernatant was harvested 72 hours following

transfection and filtered through a 0.45 ym PVDF syringe filter.

To construct the CRISPRi K562 cell line, K562 cells were lentivirally transduced
to express our previously described dCas9-BFP-KRAB fusion protein from the
SFFV promoter. Pure polyclonal populations of CRISPRi K562 cells were sorted

by flow cytometry using a BD FACS Aria2 for stable BFP expression.
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High throughput pooled CRISPRI/a screening. CRISPRi K562 cell lines were
infected with sgRNA libraries as previously described [33]. The infection was
scaled to achieve an effective multiplicity of infection of less than one sgRNA per
cell. Two days after infection, cells were selected with 0.75-1 ug / mL puromycin
(Tocris) for 2 days, and then allowed to recover for 2 or 3 days before starting the
screens. For the CRISPRi genome-scale growth and HSP70 inhibitor screens,
cells were passaged or treated with two pulses of 400nM and then 520nM JG98,
200nM and then 270nM JG194 or one pulse of 250nM JG294 over 17 days to
achieve between 8.5 and 14 population doublings difference between untreated
and drug treated treated cell. The untreated, JG98 and JG194 were performed
as biological replicate screens while only one JG294 screen was performed.
Cells were maintained at a density of between 250,000 and 1,000,000 cells / mL
continually maintaining a library coverage of at least 500-1000 cells per sgRNA.
Populations of cells expressing this library of sgRNAs were either harvested at
the outset of the experiment (the t0 time point), grown under standard conditions
(untreated), or treated with HSP70 inhibitors. Genomic DNA was harvested from
all samples; the sgRNA-encoding regions were then amplified by PCR and
sequenced on an lllumina HiSeq-2500 using custom primers at high coverage
with previously described protocols (http://weissmanlab.ucsf.edu/links/links.html).
From this data, we quantified the frequencies of cells expressing different
sgRNAs in each sample. The data from replicate screens was averaged. From

this data we quantified the phenotype of each sgRNA, which have previously
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defined for growth (y) or resistance to treatment (p) [34]. A python script for
processing our CRISPRI library sequencing data is available at

https://github.com/mhorlbeck/ScreenProcessing.

Bioinformatic analysis of hit genes. Hit genes were ranked based on average
phenotype of the 3 most extreme sgRNAs targeting them or by a Mann-Whitney
test. Pathways and gene sets enriched among hit genes were identified using

GSEA and DAVID software.

Individual re-test of sgRNA phenotypes and CRISPRi/a transcript repression and
activation. Individual phenotype re-test experiments for sgRNAs from the HSP70
inhibitor screens were performed as competitive growth experiments on partially-
transduced populations of CRISPRi K562 cells. Briefly, cells were partially
transduced ~25-60%. Three or four days following infection, cells were counted
and seeded in 24 well plates at 0.25-0.5 million cells / mL. Triplicate samples for
each sgRNA were grown under standard conditions or, were treated with 325nM
or 350nM JG294. Each population of cells was allowed to grow or recover for 5
or 6 days. The absolute cell number and percentage of cells that express BFP
(indicating sgRNA expression) was measured for each sample at the beginning
and end of the experiment. Rho scores were calculated as described previously

[13].
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3.6.3 Fluorescence Microscopy

Plasmids containing N-terminally labeled mIFP-Calenexin and a mIFP labeled
mitochondrial targeting sequence were transfected into HeLa cells using a
nucleofection protocol. Polyclonal selection for stable expression was performed
with Geneticin. Cells expressing mIFP-Calnexin were sorted by flow cytometry
using a BD FACS Aria Il. Cells were maintained in Minimum Essential Medium
supplemented with penicillin/streptomycin and FBS. For microscopy, cells were
plated into 96 well uclear plates (Greiner 655090) and incubated 48hrs with
25uM billiverdin prior to compound treatments. Cells were then treated with 1uM
compound at 2% DMSO and Hoescht for 30 min. Cells were washed and imaged
in Fluorobrite Dulbecco’s Modified Eagle Medium. Images were captured using a
Nikon spinning disk confocal microscope with a 40X objective. Image

deconvolution and colocalization analysis was performed with lamgeJ.

3.6.4 Cell culture and immunoblotting

Stably expressing tau cells were harvested using the T-Rex™ HEK 293 system.
Transfection of tau PCDNAS3 tau plasmids was performed using a nucleofection
protocol followed by hygromycin selection. Cells were maintained in Dulbecco’s
Modified Eagle Medium supplemented with penicillin/streptomycin and FBS.
Immunostaining for tau levels was performed in either 12 well or 6 well plates in
which tau expression was induced with 3ng/mL of DOX along with compound
treatment at either 10uM (JG-40 and JG-48) or 5uM (all others) for 24 hours

(0.2% DMSO). Cells were lysed with MPer buffer supplemented with protease
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inhibitor and 10ug of proteins were separated by gel electrophoresis.
Immunoblotting was performed with D8 mouse tau (sc-166060) and rabbit
GAPDH (cell signaling, 2118) and mouse (cell signaling, 7076) and rabbit (cell
signaling, 7074) HRP-conjugated secondaries. Quantification and image analysis

was performed using Biorad Image Lab.

Contributions

Zapporah T. Young performed all fluorescence microscopy imaging and
quantification, transfections of Hsp70 paralogs and compound characterization in
tauopathy models. Luke Gilbert and Jonathon Weissman performed CRISPRI
screening, data analysis and validation. Victoria Assimon and Zapporah Young
designed, produced and characterized the Hsp70 mutants. Xiaokai Li and Hao
Shao synthesized and characterized compounds referenced in this study.

Experiments were designed by Zapporah T. Young and Jason E. Gestwicki.
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3.7

Appendix

A. Alignment of the NBD ofHsp70 paralogs shows highly reseved rhodacyanine binding site
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B. Sythesis of rhodacyanine analogs
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Appendix 3.1 Hsp70 alignment and rhodacyanine synthesis. A. Alignment of Hsp70 paralogs shows a highly
conserved NBD. Residues with significant shifts by protein NMR in the presence of compound are
highlighted in red. B. Synthetic route for JG compound. (a) 1. Potassium ethyl xanthate, DMF, 4 h, 125 °C;
2. methyl iodide, triethyl- amine, ethanol, 1 h, 80 °C; (b) methyl p-toluenesulfonate, anisole, 125 °C; (c) N-
substituted rhodanine, triethylamine, acetonitrile, 4 h, 25 °C; (d) methyl p-toluenesulfonate, DMF, 3 h, 135
°C; (e) 1. triethylamine, acetonitrile, 3 h, 80 °C, 2. Cl-ion exchange column.
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Appendix 3.2 CRISPRi reveals JG-98 treated cells are sensitive to HSPA9 (mortalin).

110

10




-logl0 MW p-value
w EY ul (@)} ~

N
L

-20 -15 -10 5 10 15 20

rho_JG194

Appendix 3.3 CRISPRI reveals JG-194 treated cells are more sensitive to HSPA9 (mortalin) than HSPAS
(BiP).
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Appendix 3.4 CRISPRI reveals JG-294 treated cells are most sensitive to HSPA5 (BiP) over HSPA9
(mortalin) and HSPAS8 (Hsc70).
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Appendix 3.5 CRISPRI reveals JG-98 and JG-194 have similar profiles in cells. HSPA9 (mortalin) is
highlighted in yellow.
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Appendix 3.6 CRISPRI reveals JG-98 and JG-294 have distinct profiles in cells.
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Appendix 3.7 CRISPRI reveals JG-194 and JG-294 have distinct profiles in cells.
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Appendix 3.8 Intrinsic fluorescence of rhodacyanine analogs.
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A. Hsc70 NBD with residues important for rhodacyanine binding shown in blue

B. Hsc70 mutants have variable ATPase activity
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C. Hsc70 mutants have variable luciferase refolding activity
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Appendix 3.9 Development and characterization of Hsc70 NBD point mutants. (A) Point mutantions withing
the rhodacyanien binding site as tools for probing effecs of Hsc70 perturbations (B) and (C) Results are
average of two independent experiments performed in triplicate. Error bars represent the SEM.
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Table 3.1 Summary of rhodacyanine characterization

Compound | MW “galif: SEI;Z E:‘:":'(:Jw) EC':)E(::JM) Eg\:oR(S:Jtllw ) So::llai)lity Mi;?’::'?:ge

JG40 435.96 6.2+1.0 8.5+3.0 >50 NT NT NT

JG98 534.54 0.53+0.05 0.7+0.2 24+1.3 14+0.2 31 68

JG194 514.12 | 0.082 +.009 0.20 £ 0.02 1.9+0.1 1.8+0.3 16 40

JG231 619.45 0.27 £ 0.03 0.12 £ 0.01 25+0.1 46+0.3 16 NT

JG294 636.94 0.12 £ 0.01 0.062+.006 | 3.5+0.4 95+1.9 31 60

JG345 586.18 | 0.031+.008 | 0.067 +.007 | 1.0+0.1 3.1+£07 32 25

Table 3.2 Top 50 CRISPRI hits for JG-98 and JG-194
JG-98 JG-194

Hit Gene p value rho Hit Gene p value rho
1 ATP1A1 5.68E-08 0.4544 1 PFKP 4.47E-08 -0.2438
2 CYB5B 9.08E-08 0.2734 2 ATP1A1 4.51E-08 0.4478
3 DICER1 1.53E-07 0.2399 3 CYB5B 4.76E-08 0.3504
4 PGAM1 2.35E-07 -0.1493 4 KIAA1191 4.98E-08 -0.2447
5 PEX5 2.49E-07 0.1902 5 ZNF281 5.97E-08 0.1083
6 KIAA1191 4.34E-07 -0.1497 6 GOT1 6.19E-08 -0.1140
7 ABCC4 5.15E-07 -0.1891 7 MTX2 6.65E-08 -0.3884
8 ASNA1 5.75E-07 0.2472 8 HUWE1 8.59E-08 -0.1044
9 IGF2BP1 6.82E-07 0.0892 9 PYROXD1 9.29E-08 0.1312
10 BTAF1 7.37E-07 0.2892 10 PNP 9.53E-08 -0.1333
11 UFM1 8.21E-07 0.1784 11 FAM136A 9.58E-08 -0.2357
12 NAAS50 9.53E-07 0.1098 12 APOOL 1.26E-07 0.2447
13 MCUR1 1.10E-06 -0.1599 13 NAAS50 1.67E-07 0.1133
14 TSC22D1 1.20E-06 0.1327 14 PEX5 2.08E-07 0.2573
15 PFKP 1.37E-06 -0.2457 15 SLC5A6 2.08E-07 0.0676
16 TMEM161B 1.66E-06 0.4756 16 ERAL1 2.28E-07 -0.2504
17 PSMA1 1.82E-06 0.1888 17 ABCC4 2.32E-07 -0.2691
18 RNF149 1.86E-06 -0.1051 18 LIN7C 2.34E-07 -0.1336
19 G3BP1 1.90E-06 -0.1074 19 NONO 2.94E-07 -0.1672
20 ERAL1 2.05E-06 -0.1220 20 PGAM1 4.43E-07 -0.1585
21 EIFAE 2.22E-06 0.1464 21 MINOS1-NBL1 | 4.77E-07 0.2658
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22 MTX2 2.67E-06 | -0.2474 | 22 CDK6 4.90E-07 | 0.0952
23 IFITM1 2.78E-06 | 0.1090 23 PRPS1 5.09E-07 | 0.1734
24 RAD21 3.19E-06 | -0.1005 | 24 HSCB 5.37E-07 | -0.1706
25 POLG2 3.90E-06 | 0.1261 25 TRAP1 6.34E-07 | -0.0986
26 PYROXD1 4.26E-06 | 0.1158 26 RBM6 6.39E-07 | -0.1028
27 ABCC1 4.59E-06 | -0.2632 | 27 MED23 6.63E-07 | -0.2059
28 CCDC51 4.64E-06 | -0.4094 | 28 PSMA7 6.65E-07 | 0.0864
29 HSCB 4.81E-06 | -0.0694 | 29 TOMM5 6.69E-07 | 0.0968
30 PRPS1 5.44E-06 | 0.1439 30 GRAMD1A 6.83E-07 | 0.0941
31 NDRG3 5.73E-06 | 0.2215 31 NPC2 7.24E-07 | -0.1530
32 SUGT1 5.76E-06 | 0.1822 32 UBL7 7.39E-07 | 0.0665
33 ﬁ::-—zgjlz 6.27E-06 | -0.1542 | 33 CLPP 7.67E-07 | -0.1835
34 DENND1A 6.49E-06 | -0.1084 | 34 ZCCHC6 8.06E-07 | 0.1014
35 PIGO 6.51E-06 | 0.2268 35 DSTYK 8.40E-07 | -0.1092
36 SPI1 8.11E-06 | 0.1561 36 STEAP3 8.56E-07 | -0.0904
37 DPH6 8.64E-06 | 0.2259 37 DAZAP1 8.61E-07 | 0.1618
38 VPS29 9.29E-06 | 0.3132 38 BTAF1 8.70E-07 | 0.3325
39 PSMD1 9.42E-06 | 0.1146 39 CBFA2T3 8.79E-07 | -0.3766
40 APOOL 9.50E-06 | 0.2110 40 EIFAE 8.80E-07 | 0.1882
41 HSP90AB1 9.68E-06 | -0.0741 |41 SLC38A5 9.20E-07 | 0.1212
42 KCNK5 9.69E-06 | 0.2185 42 WDHD1 9.97E-07 | -0.1526
43 RPRD2 1.02E-05 | 0.1936 43 SLC7A1 1.00E-06 | 0.1533
44 TMEM185B 1.12E-05 | -0.0677 | 44 MAX 1.01E-06 | -0.0831
45 RHOBTB1 1.17E-05 | -0.1415 | 45 DICER1 1.04E-06 | 0.3115
46 TFAM 1.27E-05 | -0.1307 | 46 YIPF5 1.06E-06 | 0.0726
47 IMP3 1.30E-05 | 0.1357 47 COPS7B 1.07E-06 | -0.1223
48 HK2 1.40E-05 | -0.2286 | 48 GRSF1 1.10E-06 | -0.2444
49 MTA1 1.40E-05 | 0.1137 49 MMD 1.10E-06 | 0.1679
50 FAM210A 1.41E-05 | -0.1566 | 50 PGK1 1.15E-06 | -0.2557
368 HSPA9 1.67E-03 | -0.1909 | 365 HSPA9 1.31E-04 | -0.2795
3844 | HSPA8 7.53E-02 0.0521 1715 | HSPAS 1.15E-02 -0.0740

Table 3.3 Top 50 CRISPRI hits for JG-294

JG-294
Hit | Gene p value rho
1 SLC29A3 4.42E-08 0.5362
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2 SLC18B1 6.16E-08 -0.7157
3 PQLC2 6.37E-08 0.3370
4 VPS29 7.30E-08 0.6834
5 ATP1A1 8.27E-08 0.5805
6 KIAAO141 9.31E-08 0.3249
7 PPRC1 1.77E-07 -0.5036
8 SQLE 3.87E-07 0.2181
9 VPS35 5.16E-07 0.4341
10 | HPS5 7.64E-07 -0.2310
11 | RAD9SB 8.68E-07 0.3126
12 | NFYC 1.21E-06 0.2008
13 | PIGO 1.41E-06 0.3397
14 | ZIC2 1.41E-06 -0.3500
15 | RNF214 1.57E-06 0.2087
16 | C7orf26 1.96E-06 0.1679
17 | WDR91 1.96E-06 0.2929
18 | STAG2 2.08E-06 -0.3442
19 | SHOC2 2.34E-06 0.2314
20 | ANKRD17 2.86E-06 0.1794
21 | PWWP2A 3.00E-06 0.1886
22 | GLCE 3.12E-06 0.1997
23 | KCNK5 3.54E-06 0.2847
24 | SOS1 4.52E-06 0.2911
25 | KLF1 4.71E-06 -0.2748
26 | PLEKHH3 5.70E-06 0.1655
27 | TMEM147 6.12E-06 0.2911
28 | XPO1 6.28E-06 0.3377
29 | CCND3 6.58E-06 0.1797
30 | CYB5B 7.03E-06 0.2513
31 | ZMATS 7.35E-06 0.1642
32 | COPS7B 7.42E-06 -0.1694
33 | SLC38AS5 7.99E-06 0.1636
34 | CSDE1 8.04E-06 -0.2163
35 | WDR11 8.99E-06 -0.3077
36 | TMED10 9.20E-06 0.1954
37 | TFDP1 9.27E-06 0.2216
38 | TAL1 9.29E-06 -0.2509
39 | NAASO 9.55E-06 0.2060
40 | CNBP 9.97E-06 0.1964
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3.8

[1]

[2]
[3]

[4]

[5]
[6]

[7]

41 | TMEM161B 1.01E-05 0.6163
42 | COX7C 1.03E-05 0.1111
43 | COPS4 1.12E-05 -0.2957
44 | MCM3AP 1.26E-05 0.2623
45 | PLEKHA1 1.29E-05 0.1575
46 | EIF2B2 1.34E-05 -0.2730
47 | PTPN7 1.44E-05 -0.1621
48 | DBR1 1.73E-05 0.1814
49 | STOML2 1.77E-05 0.1889
50 | NAA6O 1.91E-05 0.1235
144 | HSPAS 2.62E-04 -0.3129
386 | HSPA9 2.46E-03 -0.2250
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Chapter 4

Conclusions and Future Directions

41 Conclusions

Dysfunctions in protein quality control underlie the initiation of disease in the cell.
Molecular chaperones are major regulators of protein homeostasis; thus,
improving chaperone function is a promising therapeutic avenue. However, the
best routes for achieving this remain unclear. As discussed in Chapter 1, the
intrinsically disordered protein tau is prone to regulation by molecular
chaperones. This makes it a perfect model substrate for improving our basic
understanding of the mechanisms of chaperone-mediated proteostasis in order
to effectively target chaperone function for the treatment of disease. Specifically,
this thesis work is focused on using tauopathy models to explore the ways in
which the molecular chaperone Heat shock protein 70 (Hsp70) normalizes

proteostasis.

One goal of my thesis was to determine how manipulation of Hsp70 by
rhodacyanines directs tau fate. We identified a brain penetrant analog, JG-48,
and in Chapter 2, | used biochemical assays to measure JG-48 effects on Hsp70

enzymatic activity and interactions with co-chaperones. We hypothesized that
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stalling Hsp70 in the ADP bound state was a result of inhibition of Hsp70
interactions with a class of co-chaperones called nucleotide exchange factors
(NEFs). With the help of a former student Jennifer Rauch, | verified that
rhodacyanine analogs allosterically inhibit NEF binding, and as a result,
compounds prevent substrate release from Hsp70. These findings expanded our
understanding of the Hsp70-co-chaperone system and contributed to our work
characterizing compounds in cancer [1, 2]. With no previous reports of small
molecule inhibitors of Hsp70-NEF interactions in the literature, rhodacyanines

represent first in class NEF inhibitors.

In Chapter 3, we initiated a strategic collaboration with Luke Gilbert and Jonathan
Weissman to characterize rhodacyanines with strong anti-cancer activity using
CRISPRIi technology. We were interested in using functional genomics to
understand shifts in potency and safety observed in the later stages of the
medicinal chemistry campaign. From these genetic screens we learned that
rhodacyanines exhibit preferential binding to organelle specific Hsp70 paralogs.
We felt that fluorescence microscopy would be the best way to confirm these
result in vivo since we could utilize the intrinsic fluorescence of the rhodacyanine
scaffold. Therefore, | developed stable cells lines expressing mitochondria and
endoplasmic reticulum (ER) targeting sequences and proteins labeled with
monomeric infrared protein (mIFP). Analysis of colocalization by microscopy
combined with results from compound characterization in tauopathy models

revealed that organelle partitioning by rhodacyanines might explain variability in
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potency. The results from this study will guide our future efforts to optimize the
rhodacyanine scaffold as a precision medicine tool for targeting paralogs of

Hsp70 in various proteostasis disorders.

The work described in this thesis has advanced our understanding of Hsp70-
mediated protein quality control. We developed a “dwell time” model for directing
the fate of bound Hsp70 substrates by stalling the ATPase cycle in the ADP-
bound state. Now that we know how to manipulate Hsp70 for client degradation,
we can apply this model to diseases in which aberrations in protein quality
control have overburdened the cell. Additionally, we discovered targeting specific
Hsp70 paralogs may provide a new and safer alternative to global Hsp70
modulation. Overall this work represents the first steps in developing Hsp70-
targeting small molecule therapeutics for tauopathies, cancer and diseases

related to collapses in protein homeostasis.

4.2 Future Directions

4.2.1 Development of tauopathy models for studying proteostasis
networks

In Chapter 1, we summarized the mechanisms of normal and abnormal tau
homeostasis, and the many points of therapeutic intervention tau misregulation
pathways. To begin exploring targets for normalizing tau homeostasis, we need
to first develop useful and robust models of tauopathy. Previously, the Gestwicki

lab used HelLa C3 cells overexpressing full length tau to characterize
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rhodacyanine activity in cells. While this model was useful for monitoring
changes in tau levels following compound treatment, | found that overexpression
of tau in these cells resulted in primarily soluble and mislocalized tau or free tau
as illustrated by immunofluorescene staining. As reviewed in Chapter 1, tau is
normally localized to the microtubule network where it aids in polymerization and
provides cytoskeletal stability. Therefore, for our future studies we wanted to
develop a more biologically relevant model for studying tau homeostasis. To do
this, | made HEK293 cell lines with inducible expression of wild type tau as well
as disease relevant point mutants and deletions (Chapter 1). A commercially
available targeted integration system was used to produce stable cell lines with
homogenous expression of tau. We chose HEK293 cells, because they lack
endogenous tau; therefore, we can be confident that our experiments are well-
controlled. In these cells, tau was labeled with an N-terminal GFP tag, making
protein levels easily quantifiable by microscopy and flow cytometry. Initially |
created cells lines with inducible expression of the following tau mutants: A152T,
P301S and D348G (Figure 4.1A). Each of these mutations are associated with
disease and provide tools for assessing differences in homeostasis when
compared to wild-type tau. | have also prepared a cell line expressing tau with
deletions of residues reported to be important for microtubule binding referred to

as A277/278/308/309 tau (Figure 4.1A).

To characterize these cell lines, | first observed tau localization by fluorescence

microscopy. After induction of wild-type tau expression with doxycycline (DOX),
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immunofluorescence staining of tubulin shows that GFP-tau localizes well to the
microtubule (data not shown). Imaging of the GFP-tau mutants yields a similar
cytoskeletal profile and morphology (Figure 4.1B). This is in agreement with
previous reports of a similar inducible tau cell model whereby expression of tau
promoted microtubule stabilization [3]. A DOX incubation time-course illustrated
that nearly 100% of cells exhibit tau induction after 20 hours by flow cytometry
and western blot (Figure 4.1C). These preliminary results confirm successful
development of a biologically relevant system with normal tau localization and

controllable expression.

A. Tau structure and mutations C. GFP-tau expression is tunable by DOX incubation

P301S P301S Tau Flow Cytometry

306vQIvyK31 - %FITC+
D348G ~+ MEDIAN FITC+
100000- 100

A152T 275 QINK280

GFP — R1 R2 RrR3 R4 I

1 244 275 306 337 369

+VOLI4 %

50000- 50

Median GFP Signal

o 5 0 15 20 25
microtubule binding region DOX Induction (hr)

B. GFP-tau localizes to microtubules in HEK293 cells
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Figure 4.1 HEK293 cells with inducible tau expression as new models of tauopathy. A. Diagram of GFP-tau
construct, mutations and deletions shown in red. (B) After 24hr induction of tau expression with DOX, tau
imaging suggests localization to microtubule networks. (C) Tau expression is sensitive to length of DOX
incubation. Flow cytometry analysis shows maximum expression after 20hrs of DOX treatment. Similar
results are observed by western blot.

To demonstrate the utility of these tauopathy models in assessing mechanisms
of tau quality control, the half-life of each tau variant was measured. After
induction of tau with DOX for 24 hours, time points were taken every 24 hours for
up to 7 days. For P301S tau, levels reached half-maximal expression at
approximately 40 hours by western blot (Figure 4.2A) and flow cytometry (Figure

4.2B). Tau variants have shorter half-lives compared to wild-type, suggesting an
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increase in rates of clearance for tau mutants (Figure 4.2B). As discussed in
Chapter 1, mutations decrease tau binding to microtubules resulting in an
increased population of soluble or free tau. This may explain the differences in
stability of the tau variants as the abnormal or free tau is more susceptible to

entry into degradation pathways.

A. P301S tau half-life determination by Western Blot B. Tau half-life determination by
flow cytometry
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Figure 4.2 Determination of tau stability in HEK293 cells. (A) Western blot shows tau levels decline steadily
following termination of induction. (B) Half-life determination by flow cytometry reveals that tau variants are
less stable compared to wild-type tau. All results are averages of experiments performed in duplicate. Error
bars represent SEM.

4.2.2 Tauopathy models for drug discovery

With robust and meaningful models of tauopathy, we are now prepared to
evaluate mechanisms of tau proteostasis using rhodacyanines, Hsp70 paralogs,
Hsp70 mutants, and functional genomics. The Gestwicki lab has synthesized

over 400 rhodacyanine analogs. Evaluating these compounds in the tau models
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described above would provide valuable SAR and guide the development of new
and more potent analogs. As a first step, | have measured the activity of
biochemically interesting rhodacyanines including JG-48 using a high-throughput
flow cytometry platform. In these experiments, the expression of GFP-P301S tau
was induced with DOX and increasing amounts of compound were added
simultaneously for 24 hours. Following treatment cells were analyzed by flow
cytometry to quantify the amount of GFP-tau expressing cells. Results indicated
a reduction in tau levels at high concentrations of JG-48 (Figure 4.3A).
Preliminary experiments suggest this will be a valuable platform for analyzing
compounds. VER-155008, an ATP-competitive inhibitor of Hsp70, greatly
reduced tau levels and may be used for future studies as a positive control.
Additionally, these experiments can be conducted in a 96 well plate format

making this method suitable for assaying compounds in high volume.
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Figure 4.3 Development of a high-throughput flow cytometry tau degradation assay. Cells were treated in 96
well cell culture plates before resuspension for quantification of GFP signal by FACS. Data shown
represents average of two independent experiments performed in duplicate each. Error bars represent SEM.

Because the positively charged rhodacyanines have a strong and broad intrinsic
fluorescence (Chapter 3), they cannot be assayed in the current GFP-tau models

due to signal overlap. However, the development of tau models with expression
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of far red labeled tau should overcome these challenges. The potential for
success in identifying compounds with potent anti-tau activity is highlighted in
Chapter 3, where immunoblotting of rhodacyanine treated cells showed
significant reduction in tau levels. We also plan to use the tau models to evaluate
activators of the ubiquitin proteasome degradation pathway, developed from an
ongoing project guided by Kojo Opoku-Nsiah, a current student in the lab.
Phenotypic screens using high-content imaging and a UCSF library of brain
penetrant compounds is yet another future application of these cell models.

Meredith Kuo, a current postdoc in the lab is directing this effort.

4.2.3 Tauopathy models for target identification

In Chapter 3, | detailed the benefits of using functional genomics for target
validation, specifically gene regulation. In collaboration with the Weissman lab,
we utilized CRISPRI technology to identify sensitive and resistant rhodacyanine
phenotypes based on gene knockdown. A more traditional method of genome
wide knockdown uses short hairpin RNA (shRNA) libraries to control gene
expression. This method yields results similar to those of CRISPRIi/a [4].
Application of shRNA screening to tauopathy models could identify novel
therapeutic targets and reveal important protein networks specific for a given tau
variant. For example, we hypothesize that D348G will have impaired degradation
via the lysosome-autophagy pathway given that the mutated residue is within an
autophagy degradation targeting sequence. Therefore, we might expect shRNA

screens in D348G cells to reveal sensitivity and resistance phenotypes for
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autophagic pathways. The development of reliable controls and methods is
required for genome wide studies, and Sue Ann Mok, a postdoc in the lab, is

pursuing the design and optimization of ShRNA screens.

4.3 Optimization of the rhodacyanine scaffold

Currently we are screening more rhodacyanine compounds using CRISPRIi in
collaboration with Jonathan Weissman’s lab. With knowledge gained from the
CRISPRI screens described in Chapter 3, combined with fluorescence
microscopy we will design and synthesize more rhodacyanines with selectivity for
Hsp70 paralogs. One approach is to increase modifications to ring D (Figure 5.4)
based on previous work [5], substitutions of ring D appear to be driving the shifts
in potency and selectivity, despite the fact that docking models place this ring
outside of the binding pocket. Efforts to make potent anti-cancer compounds like
JG-98 more drug-like and suitable for development as tauopathy therapeutics are
ongoing. We reported that removing the cationic nitrogen from ring C increases
brain uptake in mice [6]. However, in modifying the charged nitrogen, ring D was
also removed. Thus, future synthesis will focus on reintroducing the important
ring D to the neutral scaffold. A current postdoc in the lab, Hao Shao, is

developing synthetic methods to add the fourth ring to the neutral scaffold.
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A. Molecular modeling of rhodacyanine binding to Hsc70 NBD

Figure 4.4 Molecular docking of JG-48 in the NBD of Hsc70 directs synthesis of future analogs.
44 Probing Hsp70 kinetics

In Chapter 2, we describe a model for Hsp70 “triage” of substrates like tau in
which trapping Hsp70-substrate complexes leads to increased degradation of
substrates in vivo. Future studies should use optimized rhodacyanines as probes
for measuring Hsp70 protein-protein interaction kinetics. Knowledge of on/off
rates for Hsp70 clients in the presence and absence of compound will further
validate our dwell time theory and advance our understanding of chaperone
biology. Furthermore, methods to quantify rates of substrate release by stopped
flow, surface plasmon resonance (SPR) or some other means could be used to
rank order compounds in the rhodacyanine chemical series and determine

structure activity relationships (SAR) for identifying strong candidates.
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