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Hsp70 and the Unfolded Protein Response as a Challenging Drug
Target and an Inspiration for Probe Molecule Development
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ABSTRACT: The unfolded protein response (UPR) is a cellular stress response mechanism that is critical for cell survival.
Pharmacological modulation of the ATPase activity of the chaperone Hsp70 can trigger UPR-mediated cell death, thus
removing pathogenic cells in human malignancies, or, alternatively, stimulate survival, thereby preventing apoptosis in neuronal
cells and slowing the progress of inflammation, neurodegeneration, and aging. This Viewpoint highlights the complexity of the
protein homeostasis network and discusses different approaches for modulating Hsp70 activity, including the use of a chemical
reaction development-inspired library of Hsp70 agonists and antagonists.
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hile the 1,000 most highly expressed proteins in a cell

can account for 80% of the proteome mass, mammalian
cells typically contain 10 protein molecules of >10,000
different types,' establishing a highly complex, dynamic
network.” The endoplasmic reticulum (ER) serves as the site
of maturation of millions of protein molecules per minute, and
authentic protein folding and maintenance of native structure
are vital for proper cell function.” Protein quality control
systems include proteases and molecular chaperones—
specialized guardian proteins that prevent client protein
aggregation and general malfunction in times of cellular stress.

Properly folded proteins are transferred to the Golgi
complex, while misfolded proteins remain in the ER to
complete folding or are disposed of in the endoplasmic
reticulum-associated degradation (ERAD) pathway." Common
disposal mechanisms include ubiquitylation (Ub) by E3
ubiquitin ligases and translocation to the proteasome by the
AAA+ ATPase p97.” ER stress may be triggered by nutrient
restriction, changes in calcium, oxygen or redox homeostasis,
errors in post-translational modifications, and spikes in protein
synthesis.’

The accumulation of misfolded or unfolded proteins tagged
with the Hsp70 chaperone, binding immunoglobulin protein
(BiP, also known as heat shock 70 kDa protein S, HSPAS), in
the ER also induces the unfolded protein response (UPR),’
which is regulated through three stress sensors embedded in
the ER membrane: PKR-like ER kinase (PERK), inositol-
requiring enzyme one alpha (IREla@), and activated tran-
scription factor 6 (ATF6) (Figure 1).® The UPR stress sensors
may either promote cell survival or induce apoptosis.” In the
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former case, the UPR response upregulates transcription of
chaperones and enhances ERAD and autophagy machineries.
Heat shock factor 1 (HSF1), Hsp70, Hsp90, and HDAC6 can
form a complex in the cytosol, and as part of the heat shock
response, HSF1 translocates to the nucleus and upregulates
protein and chaperone transcription.” Heat shock proteins
(Hsps) are categorized by molecular mass, i.e. Hsps of 110
kDa (Hspl10s), Hspl00s, Hsp90s, Hsp70s, Hsp60s, and
Hsp40s, consuming ATP to prevent protein misfolding and
recognize misfolded polypeptide chains."

Both Hsp90 and Hsp70 are collaboratively engaged in
protein refolding,'' and residual unfolded proteins are
ubiquitylated and degraded in the proteasome. The J-domain
of the cochaperone DnaJ, also known as Hsp40, binds tightly
to a highly conserved interdomain linker on Hsp70 and
significantly increases its catalytic turnover and substrate
trapping efficiency (Figure 1).12

While the functions of Hsp90 and Hsp70 are correlated,
leading to compensatory increases in expression if one of them
is inhibited, a key feature of selective chaperone probe
molecules as well as potential drugs is likely to prevent
HSF1 from broadly activating the transcriptional heat shock
response and thus upregulating all generic protein quality
control pathways. Similarly, activation of Hsp90 or Hsp70
should not result in a downregulation of other proteotoxic
defenses. Depletion or chemical inhibition of Hsp70 appears to
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Figure 1. Schematic of protein quality control pathways. After
ribosomal synthesis at the endoplasmic reticulum (ER), an Hsp70/
Hsp40 (J-domain) complex'” assists in the folding of the protein
chain as well as in the refolding of denatured'® proteins.

be more readily decoupled from a general induction of stress
response factors, and Hsp70 inhibitors have also been shown
to act synergistically, su Zgestmg that Hsp70 might be the more
“druggable” chaperone. ™ Another challenge for drug discovery
is the nature of the ATP site in Hsps, which shares many
structural features with other ATPases, thus potentially
discouraging efforts to develop selective ATP-site inhibitors
of Hsps."” Therefore, protein—protein interaction (PPI)
modulators are likely to represent a more fruitful medicinal
chemistry strategy for targeting Hsps.

The hlstorlcal context of the development of Hsps
inhibitors,'® including the Hsp70 chaperone,'” has recently
been reviewed. As an example for how new synthetic methods
can enable chemical biology tool discovery,'® a consecutive
Biginelli—Ugi multicomponent reaction (MCR) was used for
the rapid synthesis of a library of screening samples for Hsp70
assays (Scheme 1)."” The acid-catalyzed cyclocondensation of
readily available aldehydes, f-ketoesters, and urea carboxylates
generates dihydropyrimidinones 1 with four sites of
modification,”® which can immediately be subjected to an
Ugi reaction with an amine, an isonitrile, and another aldehyde
to yield the chain extended heterocycle/amino acid hybrid
molecules 2 containing three additional sites for combinatorial
structure variation. Alternatively, direct coupling with alcohols
or amines converts carboxylates 1 into esters or amides 3. As a
consequence of the presence of the densely functionalized
dihydropyrimidinone core, the flexible linker region, and the
peptoid terminus, scaffolds 2 and 3 are ideally suited to mimic
small protein strands at the interface of PPIs. Several selective
agonists and antagomsts for Hsp70 have been discovered
through this approach.'”

The selective Hsp70 inhibitor, MAL3-101 (Figure 2), has
been shown to induce the UPR through PERK signaling,
triggering apoptosis via activation of the C/EBP homologous
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Scheme 1. Biginelli—Ugi MCR for the Preparation of Hsp70
Modulators and Probes for PPI Interfaces

o R o R

;\‘ aldehyde
2 2,
] RO NH Estenflcanon R0 | NH
Biginelli ,& A

R?0,C
+ NHy 4> R* "N” 7O
3 ,g Reaction Amidation
RS0 Yo I, I,
B-ketoester [T, urea 1 COpH 3 “COR
HO,C R*-NH,
R®-NC Ugi

OY H | Reaction
RS

o R

NH
NAO

R20

R* O

n
RS
khﬁ(Nﬁ)LN,
H

C
.G
SRS
K/\/\I(OH

2
MAL2-11B
CO,Me

®
o] O H\ CO,Me
O,
K/\/\[rN\/\/\/
©/\OEE(FE/,J\: Fﬁ‘\/iéj/o\/cozvme )\/[ \>_Nﬁ_©‘

0
MAL3-101
Ne_, e CN
R R
HO

o

DMT003132 (R4=c-C3Hs, Ry=n-hexyl)
DMTO003106 (R;=p-biphenyl, R;=CHy(2-pyridyl))

S
L e
of @
\/

Co-T b J

VER-155008

MKT-077 YM-08
JG-98
, Z g)\ Cl
W= O XX
s>_$/ N N°T0
F
JG-40 OH

MAL1-271 o

Ha

Figure 2. Structures of selected Hsp70 modulators, exemplifying four
major chemotypes for allosteric and ATP-site ligands.

protein (CHOP) transcription factor.”** In contrast to the

ATP-competitive inhibitor VER-155008, MAL3-101 is an
allosteric inhibitor of Hsp70 at high micromolar concen-
trations.”*

In order to inhibit Hsp70 ATPase activity, MAL3-101
requires the presence of a J-domain, suggesting a mechanism of
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action that involves binding to an allosteric region on Hsp70,
quite likely in close vicinity to the J-domain binding site, as
found by NMR analysis for the structurally related MAL2-
11B.>> MAL3-101 has proven efficacious in multiple
myeloma,”® rhabdomyosarcoma, and Merkel cell carcinoma®’
models. Structure—activity relationship studies on the
anticancer activity of MAL3-101 showed a dependence on
aldehyde and amine components used in the Biginelli and Ugi
reactions, respectively. In an SK-BR-3 breast cancer cell growth
assay, for example, the GI;, for MAL3-101 was 27 uM, while
cyclopropyl analog DMTO003132 and 2-pyridyl analog
DMT003106 had GIs's of 6.2 and 7.1 uM, respectively
(Figure 2).21

Another allosteric inhibitor chemotype, MKT-077, with
affinity to the nucleotide-binding domain (NBD) of Hsp70,
displayed anticancer activity in multiple cancer lines, including
melanomas and carcinomas of the colon, breast, and
pancreas.”® However, anticancer development of MKT-077
in a Phase 1 clinical study was stopped due to nephrotoxicity.
The neutral pyridine analog YM-08, earmarked for neuro-
degenerative diseases, resulted in higher blood brain barrier
(BBB) penetration, quicker kidney clearance, and retention of
affinity for Hsp70. In contrast, it was less effective in antitau
and anticancer assays. A detailed analysis of a second-
generation YM-08 derivative, JG-98, included a gene
expression profile; however, in this case, the UPR was not
invoked.” JG-98, in combination with a chalcone-based Hsp40
inhibitor, is effective in blocking androgen receptor (AR)
signaling and inhibiting 22Rv1 castration-resistant prostate
cancer growth (CRPC),30 suggesting opportunities to drug
Hsp70 as an alternative strategy to standard antiandrogen
therapy in CRPC.”" Finally, recent studies also demonstrate
that close analogs of YM-08, such as the Hsp70 inhibitor JG-
40, block zika virus replication in both human and mosquito
cells without causing drug resistance and protect mice from
viral infection.”

An alternative approach to generate a PPI-based Hsp70
modulator, specifically an agent that acts as a molecular glue on
Hsp70 and its co-chaperone, heat shock organizing protein
(HOP), recently yielded the pentapeptide C1.** C1 stabilizes
the HOP—Hsp70 complex and prevents protein folding at
micromolar concentrations.

While our group’s initial interest was mainly in the
development of Hsp70 inhibitors, in order to control cancer
growth, viral infections, and parasitic infections such as malaria,
screening of the readily synthesized library of dihydropyr-
imidinones 2 and 3 also identified agonists of the chaperone,
which could be of significant therapeutic relevance in
neurodegenerative diseases. In particular, MAL1-271 has
proven to be an effective activator of ATP turnover in
Hsp70/]J-protein assays.”* In combination with the Hsp-70
antagonist, MAL3-101, MAL1-271 has been an important tool
compound to test hypotheses on the effects of Hsp70 activity
on synuclein aggregation® and heat shock defenses in the
cortex.”® MALI-271 binds to the same allosteric, J-protein
(Hsp40) pocket as MAL2-11B* and, by inference, MAL3-101,
making it a mechanistically relevant and particularly valuable
positive control compound, as well as a potential lead structure
for the development of antineurodegenerative, Hsp70 based
therapeutics.

It is intriguing to speculate that the relatively low in vitro
potency of both Hsp70 agonists and antagonists in ATP
turnover assays, in contrast to their enhanced potency in cell-
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based assays and remarkable activity in the available in vivo
models, is a result of the redundancies built into the
mammalian protein homeostasis network, which lacks a single
master control protein (MCP). In such a system of checks and
balances, mildly potent but highly selective regulators that take
advantage of natural PPI regulatory sites might well be
biologically more relevant for disease control than highly
potent, but less selective agents that elicit a strong
compensatory counter reaction in the network. In particular
in synergy with other proteostasis modulators, allosteric agents
that modify the rate of Hsp70 ATP hydrolysis by a relatively
modest —2 to +2-fold range at <100 #M concentration, such as
MAL3-101 and MAL1-271, might still be highly relevant for
clinical applications. However, since none of the multiple
active compounds in this series, or in any other class of
allosteric Hsps modulators, have successfully completed
human trials yet, it remains to be established if “soft” allosteric
control is sufficient to prevent or cure human diseases induced
by a pathogenic breakdown of protein homeostasis.

Even though cellular folding and quality control pathways
are highly redundant and exquisitely orchestrated, protein
homeostasis is continuously challenged by cell growth,
genomic mutations, environmental factors, viral and bacterial
infections, the release of reaction oxygen species (ROS)
species in mitochondria,”” and degenerative aging processes.
Interestingly, proteotoxic defense systems have diverged
between bacteria, fungi, protozoa, and plants versus
metazoans.”® The former deploy a disaggregase complex
composed of Hsp70, J-protein cochaperone, nucleotide
exchange factor (NEF), and the AAA+ ATPase Hsp100. In
contrast, metazoans lack cytosolic and nuclear Hsp100s but
have vastly expanded cooperativity between multiple Hsp70
subtypes (12 in humans), J-protein family members (54 in
humans), and NEFs (19 in humans), thus enabling >12,000
permutations of Hsp70-based disaggregase complexes, with the
potential evolutionary advantage of providing far greater scope
and specificity in protein refolding required in complex
organisms.”” Allosteric control is central to the chaperone
function of Hsp70s,”” but how PPIs can be harnessed in drug
discovery for pathological conditions such as cancer, infection,
and neurodegeneration is still poorly understood.*” Accord-
ingly, small molecular weight probe molecules can serve as a
valuable tool set to pharmacologically interrogate the vast
chaperone network and suggest novel opportunities for drug
development.*”
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