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Preface

This thesis is the compilation of published and unpublished work on the discovery and
development of ligands for a class of non-enzymatic molecular chaperones called small heat
shock proteins. Small heat shock proteins (sHsps) are important though poorly understood
components of the proteostasis network, and this work represents initial attempts to develop
chemical probes for sHsps to enable the study of their structures and functions. In Chapter 1, we
introduce biophysical strategies for ligand discovery that are amenable to non-canonical targets
and introduce sHsps as an example of such targets. A part of this chapter is published as Makley
L.N. and Gestwicki J.E., “Expanding the number of 'druggable’ targets: non-enzymes and protein-
protein interactions,” (2013) Chem Biol Drug Des. 81(1):22-32. Chapter 2 discusses mutations in
sHsps that cause protein aggregation, in some cases leading to gain of toxic function
phenotypes, including cataract. This sets the stage for the development of pharmacological
chaperones that stabilize the native folds of sHsps to prevent their aggregation. In Chapter 3, a
ligand discovery effort utilizing differential scanning fluorimetry to achieve this end is described
in detail. One scaffold discovered in this screening effort is being developed as a potential
therapeutic for the treatment of cataract, and data supporting its proposed mechanism of
action is discussed here. A portion of this chapter is under revision and will be published as
McMenimen KA*, Makley LN*, DeVree BT, Rajagopal P, McQuade TJ, Thompson AD, Sunahara R,
Klevit RE, Andley UP, and Gestwicki JE., “Pharmacological rescue of an aggregation-prone small
heat shock protein in a cataract model.” Chapter 4 describes an orthogonal discovery effort that
resulted in the identification of ligands for Hsp27 despite its absence of enzymatic activity or
known small molecule binding sites, work carried out in collaboration with the Cierpicki and
Carlson laboratories. Three de novo identified ligand binding sites and the chemical matter that
interacts with those sites are described, and the discovery that one site can accommodate
pharmacological chaperones that prevent this protein from aggregating is described. Chapter 5
is a discussion of future work required to continue the development and application of the
chemical probes described herein, as well as broader future directions in strategies for ligand

discovery for noncanonical targets. The appendix provides a discussion of early efforts in the



biophysical characterization and high-throughput screening against the transcription factor
HSF1, a canonically ‘undruggable’ target that presents many of the same challenges as the sHsp

family.
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ABSTRACT

Chemical Approaches for ‘Undruggable’ Targets:
The Discovery of Ligands for Small Heat Shock Proteins

by

Leah Makley

Co-Chairs: Jason E. Gestwicki and Heather C. Carlson

Small heat shock proteins (sHSPs) are molecular chaperones that protect against protein
aggregation in response to stress. These chaperones have been linked to a number of protein
misfolding diseases, including neurodegenerative disorders and cataracts. However, sHSPs are
considered “undruggable” because they lack enzymatic activity or obvious ligand-binding sites.
Thus, sHSPs are emblematic of potential drug targets emerging from large-scale genetic efforts.
They are clearly linked to disease, yet it is not clear how to develop drug-small molecules to act
on this knowledge. In this thesis work, | employed a number of high throughput biophysical
approaches to discover cryptic binding sites on two sHSPs: Hsp27 and alphaB-crystallin (cryAB).
Using a multifaceted approach involving computational approaches, differential scanning
fluorimetry, fragment-based NMR screening and rational design, three unanticipated binding
sites were discovered. Medicinal chemistry and structural efforts yielded four classes of small
molecules, with representatives that bind each of the three cryptic pockets. One of these
chemical series was developed as a potential new therapeutic for the topical treatment of
cataract. These molecules bind the native dimer of cryAB and promote its chaperone functions,

reversing cataracts in mouse and human lens models. Another series binds to a region of Hsp27

XiX



that is important for its interactions with the Hsp70 class of chaperones, showing promise as a
chemical probe for understanding how chaperones regulate protein homeostasis. This thesis
work has significantly advanced our knowledge of sHSP ‘druggability’ and revealed at least three
binding sites for further development. Moreover, these efforts represent a detailed, head-to-
head comparison of modern HTS methods to discover ligands for cryptic binding sites. The
strengths and weaknesses of these approaches are important in designing screening campaigns

for other ‘undruggable’ targets emerging from genetic studies.
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Chapter 1

Small Heat Shock Proteins as “Undruggable” Targets

1.1. Abstract

With the emergence of genomic and proteomic information, the preferred methods for
identification of new drug targets have changed dramatically. Modern tactics such as genome-
wide association studies (GWAS) and deep sequencing are fundamentally different from the
pharmacology-guided approaches used previously, in which knowledge of small molecule
ligands acting at their cellular targets was the primary discovery engine. A consequence of the
“target-first, pharmacology-second” strategy is that many predicted drug targets are non-
enzymes, such as scaffolding, regulatory or structural proteins, and their activities are often
dependent on protein-protein interactions (PPls). These types of targets create unique
challenges to drug discovery efforts because enzymatic turnover cannot be used as a convenient
surrogate for compound potency. Moreover, it is often challenging to predict how ligand binding
to non-enzymes might affect changes in protein function and/or pathobiology. Thus, in the post-
genomic era, targets might be strongly implicated by molecular biology-based methods, yet they
often later earn the designation of “undruggable.” Can the scope of available targets be
widened to include these promising, but challenging, non-enzymes? In this chapter, we
introduce a class of molecular chaperones called small heat shock proteins as examples of
genetically identified therapeutic targets, with a focus on the aspects of small heat shock
protein structure and function that present challenges to drug discovery efforts. We then
discuss advances in high throughput screening technology and chemical library design that are

emerging to deal with these challenges.

1.2. Challenges associated with non-enzyme targets



The majority of current drug targets are G-protein coupled receptors, nuclear receptors, ion
channels or enzymes (e.g. kinases, proteases, deacetylases, etc.) (1, 2). Many of these targets
were historically identified based on their pharmacology: agonists or antagonists were used to
probe the biology of the target, followed by progression to therapeutic candidates. As a
consequence, many of these proteins, by definition, contain deep grooves that are amenable to
binding by low molecular weight, “drug-like” small molecules. For enzymes, the substrate or
transition state can often be used to develop potent inhibitors. In contrast, the modern shift
towards molecular biology- and genomics-based target identification has often implicated other
types of targets, including non-enzymes (Figure 1.1). Non-enzymes make up a majority of the
human proteome and they include proteins involved in organizing signaling pathways,
maintaining structural integrity, assembly/disassembly of protein complexes, chaperoning,
subcellular transport, transcription, translation and other critical functions. Rather than using
enzymatic turnover to carry out their biology, most non-enzymes use protein-protein
interactions (PPls), either transient or stable contacts that form the backbone of all major

cellular pathways (3). In turn, the challenges of targeting PPIs have been well documented (4-6).

Modern drug discovery approaches, such as high-throughput screening (HTS), typically rely on
the measurement of enzymatic turnover to drive discovery of potential clinical leads; thus, non-
enzymes pose a particular challenge. Rather, known “inhibitors” of non-enzymes typically bind
to the target and either block binding to other proteins or otherwise alter structure-function
(e.g. change oligomerization, alter protein stability, etc.). It is often difficult to predict what will
happen to biological pathways in response to these changes and it is more difficult to envision
HTS platforms that will rapidly identify potential ligands. To make matters worse, non-enzymes
often lack natural ligands or even ligand binding sites, posing a further hurdle to drug discovery
campaigns. Finally, many non-enzymes are either structurally uncharacterized or intractable for
structural biology (i.e. they contain regions of intrinsic disorder), which often precludes the use

of most structure-guided design methods.
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Figure 1.1. Non-enzyme targets present unique challenges to drug discovery. Classic enzyme targets have well-
defined active sites and many have clear allosteric sites, which make attractive binding regions for orthosteric and
allosteric inhibitors. In contrast, most non-enzymes lack obvious binding pockets or they are involved in protein-
protein interactions that involve larger, more diffuse contact areas.

Despite these significant challenges, the prominent role of non-enzymes in biology and
pathobiology is certain, so what can be done to expand the number of “druggable” targets to
include these proteins? What HTS methods can be adapted for use against non-enzymes? What
strategies are amenable to hit identification in the absence of structural information? Is it
possible to identify a ligand binding site de novo? If so, how can one predict whether or not such
a site is “druggable”? In this chapter, we introduce small heat shock proteins as examples of
compelling but non-canonical drug targets and discuss some of the structural features that
complicate discovery efforts targeting this class. We provide a survey of the methods being used
to identify molecules that bind to non-canonical targets and categorize them into affinity-,
computational- and stability-based techniques. Lastly, we discuss how chemical library design is

evolving to meet the specific challenges of post-genomic drug discovery.

1.3. Small heat shock proteins are examples of non-canonical targets

An intricate network of molecular chaperones is responsible for the maintenance of protein
homeostasis in the cell. Heat shock proteins, so named because of their characteristic
upregulation under elevated temperature stress conditions, can be classified as ATP-hydrolyzing
‘foldases’ or non-enzymatic ‘holdases’. The well-known heat shock protein 90 (Hsp90) and
Hsp70 chaperone families are examples of foldases, which utilize ATP in nucleotide-dependent
cycles of client binding and release to favor native client conformations and prevent off-pathway

aggregation (7). In contrast, small heat shock proteins (sHsps) are non-enzymatic holdases (8, 9).



sHsps can bind and sequester misfolded client proteins, effectively preventing client protein
aggregation in an ATP-independent manner (9, 10). These non-enzymatic chaperones act as
proteostasis buffers and maintain their substrates in a folding-competent state for the ATP-

hydrolyzing chaperone foldases to then refold or otherwise triage (11-15).

There are eleven human sHsps that range in monomeric size from 16 to 28 kDa and vary in

tissue distribution and stress-inducibility, as summarized in the table below (16-18).

Small Heat Alternative Molecular Tissue HSF1
Shock Protein | name mass (kDa) Distribution inducible
HspB1 Hsp27 22.3 Ubiquitous yes
HspB2 MKBP 20.2 Heart, muscle | no
HspB3 HsplL27 17.0 Heart, muscle | no
HspB4 aA-crystallin | 19.9 Eye lens no
HspB5 aB-crystallin | 20.2 Ubiquitous yes
HspB6 Hsp20 17.1 Ubiquitous no
HspB7 cvHsp 18.6 Heart, muscle | no
HspB8 Hsp22 21.6 Ubiquitous yes
HspB9 CT51 17.5 Testis no
HspB10 ODF1 28.4 Testis no
HspB11 HSP16.2 16.3 Placenta no

Table 1.1. Human small heat shock proteins vary in tissue distribution and stress-inducibility.

Hsp27, aB-crystallin, Hsp20, and Hsp22 are ubiquitously expressed, while the other sHsps
exhibit tissue-specific expression (16). Hsp27, aB-crystallin, and Hsp22 are stress-inducible
under the control of the transcription factor heat shock factor 1 (HSF1) (18). These sHsps are
upregulated in a variety of stress conditions, which in many cases are proteotoxic; these include
protein misfolding, translation inhibitors, cytoskeletal stress, or transport issues. Heat stress,
hypoxia, oxidative stress, pH fluctuations, exposure to arsenite or heavy metals, and viral

infection are all examples of stress conditions that upregulate sHsp expression (19).



HspBl (Hsp27) 1 MTERRVPFSLLRGPSWDPFRDWYPH---SRLFDQAFGLPRLPEEWSQWLGGSSWPGYVRPLPPAAIESPAVAAPAYSRAL 77
HspB4 (aA-crys) 1 —-——- MDVTIQHPWFKRTLGPFY----PSRLFDQFFGEGLFEYDLLPFLSSTISP-YY--RQSLF-—-RTV-—-——————— 56
HspBS (aB-crys) 1 ——-——- MDIAIHHPWIRRPFFPFH---SPSRLFDQFFGEHLLESDLFPTSTSLSPF-YL--RPPSFLRAPSW-————————— 60
HspB6 (Hsp20) 1 ---MEIPVPVQPSWLRRASAPLPGLSAPGRLFDQRFGEGLLEAELAALCPTTLAP-YY-—--—-——- LRAPSV-———————— 60
HspB7 (cvHsp) 1 MSHRTSSTFRAERSFHSSSSSSSSSTSSSASRALP-AQ---DPPMEKALSMFSDDEG-SF 55
HspB8 (Hsp22) 1 MADGQMPFSCHYP-SRLRRDPFRDSPLSSRLLDDGFGMDPFPDDLTASWPDWALP-RLSSAWPGTLRSGMVPRGPTATAR 78
* ¥ *%+ %
78 SRQLSSGVS-——————-- EIRHTAD--RWRVSLDVNHFAPDELTVKTKDGVVEITGKHEERQDEHGYISRCFTRKYTLPP 146
57 ---LDSGIS-———————- EVRSDRD--KFVIFLDVKHFSPEDLTVKVQDDFVEITHGKHNERQDDHGYISREFHRRYRLPS 122
61 ---FDTGLS-----———— EMRLEKD--RFSVNLDVKHFSPEELKVKVLGDVIEVHGKHEERQDEHGFISREFHRKYRIPA 126
6l --————- ALP-———————— VAQVPTDPGHFSVLLDVKHFSPEEIAVKVVGEHVEVHARHEERPDEHGFVAREFHRRYRLPP 125
56 MRPHSEPLAFPARPGGAGNIKTLGD--AYEFAVDVRDFSPEDIIVTTSNNHIEVRA---EKLAADGTVMNTFAHKCQLPE 130
79 FGVPAEGRTPPPFPG————————— E--PWKVCVNVHSFKPEELMVKTKDGYVEVSGKHEEKQQEGGIVSKNETKKIQLPA 147

147 GVDPTQVSSSLSPEGTLTVEAPMPKLA--TQSNEITIPVTFESRAQLGGPEAAKSDETAAK 205

123 NVDQSALSCSLSADGMLTFCGPKIQTGLDATHAERAIPVSREEKP-—————-——— TSAPSS 173
127 DVDPLTITSSLSSDGVLTVNGPRKQV----SGPERTIPITREEKPAV-———-——— TAAPKK 175
126 GVDPAAVTSALSPEGVLSIQAA-—-———————————— PASAQAPPP-————-——————— AAAK 160
131 DVDPTSVTSALREDGSLTIRARRHPHT---—--—- EHVQQTFRTEIKI-————————————— 170
148 EVDPVTVFASLSPEGLLIIEAPQVP--—————————— PYSTFGESSFNNELPQDSQEVTCT 196

Figure 1.2. Alignment of primary sequences of six human small heat shock proteins, aligned using NCBI Cobalt
multiple sequence alignment tool. The red line indicates the a-crystallin domain according to (20), and the blue line
indicates the Hsp27 solution NMR construct. The light teal box demarcates the conserved palindromic IXI-containing
motif important for oligomerization. The grey box highlights the dimer interface. Asterisks indicate the sites of
mutation discussed in Chapter 2, and the plus sign indicates the location of the single endogenous cysteine in Hsp27.

Structurally, sHsps share a characteristic, conserved a-crystallin domain (or ‘core domain’) of
about one hundred amino acid residues (Figure 1.2). This domain has a PB-sandwich
immunoglobulin-like fold and mediates dimerization of protomers. Stable a-crystallin domain
dimers have been structurally characterized at high resolution for Hsp27, aB-crystallin, and

Hsp20 (Figure 1.3) (21, 22).

AL N

aB-crystallin core domain Hsp27 core domain Hsp20 core domain
2WJ7, 2.63A solution NMR structure 4)Us, 2.5A
residues 67-157 residues 79-177 residues 57-160

Figure 1.3. Atomic resolution structures of core domain dimers of aB-crystallin, Hsp27, and Hsp22. In each structure,
one protomer is shown in red and the other in blue.

Flanking the a-crystallin domain are less-conserved N- and C-terminal extensions (Figure 1.2).
The intrinsically disordered N-terminus is between 60 and 90 residues long and contains a short
WDPF motif that contacts the core domain to mediate higher-ordered oligomerization (23, 24).
The C-terminal extension, which comprises 10 to 30 residues, contains an important palindromic
sequence of about 8 amino acids called the IXI motif (highlighted in blue rectangle in Figure 1.2).
This palindromic sequence binds to a groove within the core domain of a different protomer to
mediate oligomerization (24, 25). The C-terminus also contains a high proportion of charged

residues thought to be important in maintaining the solubility of sHsps (9). Full-length sHsps



exhibit quaternary structure polydispersity as large oligomers of between 20 and 40 subunits
per oligomer. The exceptions include Hsp20 and Hsp22, which lack the C-terminal IXI motif and

consequently only form smaller oligomers (21, 26).

The N-terminus also contains serine residues that are phosphorylated in response to stress
conditions in the cell (27-29). Upon phosphorylation, oligomers dissociate to smaller species,
and this dynamic regulation of oligomeric size appears to be coupled to chaperone function (27-
29). Both the N-terminus and the core domain are involved in chaperone function and client-
binding ability (9). Client binding sites have yet to be fully characterized, and the field has not
yet reached a consensus on what types of conformations of sHsps are capable of binding
misfolded or unfolded protein clients (30). For at least some clients, large oligomers appear to
be competent client-binding conformations. Because phosphorylation and dephosphorylation
are required for optimal function (31), it has been proposed that chaperone activity requires
dynamic changes in oligomerization state, and flux through an ensemble of quaternary
structures is necessary for chaperone activity. One possible model for sHsp activation and client

binding is shown in Figure 1.4 (9, 30).

sHsp dimers

sHsp oligomers

% oligomeric complex with

> denatured client proteins

. . denatured client proteins
native client

Figure 1.4. Model for sHsp client protection. Cellular stress induces phosphorylation of N-terminal residues in sHsps,
which cause dissociation of large oligomers and are associated with ‘activation’ of sHsp chaperone activity. sHsps may
be activated by the same cellular stresses that cause proteins to denature (i.e. heat shock), thus acting as the ‘first
line of defense’ in the proteostasis network.

Small heat shock proteins are of interest in a number of disease states. Mutations in the coding

sequences of the sHsps cause hereditary cataracts, myopathies, and neuropathies (32-36).



These mutations and known aspects of the associated pathobiologies will be described in
Chapter 2. Aside from mutations in sHsp genes, the expression of wild type sHsps has also been
linked to neurodegenerative diseases, cancer, acute ischemic shock and neuroinflammation. The
involvement of sHsps is thought to be generally protective, except in the case of cancer, as high
levels of sHsps confer a survival advantage. The majority of our understanding of this protein
family comes from studies of Hsp27 (HspB1) and aB-crystallin (HspB5), so the role of these

sHsps in disease will be discussed in more detail.

1.4. sHsps are genetically validated therapeutic targets in neurodegenerative diseases

Impaired proteostasis is a prominent feature of neurodegenerative diseases (37). The intrinsic
chaperone activity of small heat shock proteins is protective in such neuropathologies, including
amyotrophic lateral sclerosis, Alexander’s disease, Alzheimer’s disease, Parkinson’s disease, and
prion diseases. Each of these pathologies is accompanied by upregulation of sHsps, often with

colocalization of sHsp in inclusion bodies containing the pathological protein or proteins.

1.4.1. Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a multifactorial neurodegenerative disease involving the
progressive death of motor neurons. A small fraction of ALS patients express mutations in the
enzyme superoxide dismutase 1 (SOD1). In mouse models of familial ALS mutations (G37R, G93A
or L126Z mutations in SOD1) aB-crystallin and Hsp27 are upregulated in the affected neurons
and reactive glial cells (38). In cultured mouse embryonic fibroblasts, aB-crystallin co-
immunoprecipitates with aggregation-prone G93A SOD1 but not wild type SOD1 (39). Double
transgenic mice expressing human Hsp27 and G93A SOD1 have delayed motor neuron
degeneration compared to SOD1 single transgenic mice during the early stages of the disease
(40). Mechanistically, these results suggest that sHsps are molecular chaperones for destabilized
Sod1; consistent with this idea, both aB-crystallin and Hsp27 suppress the aggregation of G93A
SOD1 via the formation of a stable complex that is isolable by size-exclusion chromatography
(41). However, the SOD1 transgenic mice do not have extended lifespans when Hsp27 is
overexpressed (40), and in the later stages of the progressive disease Hsp27 levels decrease
though mRNA levels are unchanged (40-42). In two other mouse models of ALS expressing G37R
or L1267 SOD1, knockouts of aB-crystallin have shorter lifespans than the mice with endogenous

levels of aB-crystallin (43). Together, these data point to a protective effect of sHsps but



possible saturation of sHsp chaperone capacity in later stages of mutant SOD1 associated
disease. Consequently, it has been proposed that sHsp activation has therapeutic utility, but

that it may have the most impact in the early stages of ALS.

1.4.2. Alexander’s disease

Alexander’s disease (AxD) is a rare, progressive, and usually fatal childhood leukodystrophy.
Alexander’s disease is caused by mutations in glial fibrillary acidic protein (GFAP) that causes
abnormal myelin sheath development and the accumulation of fibrous proteinacious deposits
called Rosenthal fibers in astrocytes. Hsp27 and aB-crystallin are both upregulated in astrocytes
of children with AxD (44). The protective, disease-modifying role of aB-crystallin in AxD has been
studied using mouse models that conditionally express the chaperone (44). Transgenic mice
expressing the human GFAP protein recapitulate the symptoms of AxD and typically exhibit
<10% mortality at 30 days of age. aB-crystallin knockouts in the GFAP transgenic mouse exhibit
significantly increased mortality in a gene-dosage dependent manner, with one-third of aB-
crystallin”’ and two-thirds of aB-crystaIIin'/' mice dying at 32 days. In the GFAP transgenic mice
lacking aB-crystallin, cell-specific expression of aB-crystallin in astrocytes under the control of
the GFAP promoter recover the phenotype, and the majority of the mice live to three months
(44). The role of aB-crystallin has also been studied in a second mouse model expressing a
mutant form of GFAP (R236H), which causes a more severe disease phenotype with complete
lethality observed by 40 days. Powerfully, 100% of R236H transgenic mice with astrocyte specific
overexpression of aB-crystallin survive to 180 days. The phenotypic recovery is accompanied by
fewer hippocampal Rosenthal fibers and a reduction in insoluble GFAP (44), indicating that in
this context aB-crystallin may act as a chaperone for GFAP, stabilizing nonfibrillar and nontoxic
species. Together, this body of work argues for the utility of aB-crystallin-based therapeutics in a

fatal orphan indication in which no treatments currently exist.

1.4.3. Alzheimer’s disease

Alzheimer’s disease (AD), the most common form of age-related dementia, is a progressive
neurodegenerative disease that involves the aggregation of amyloid-p and the microtubule
stabilizing protein tau (45). Accumulation of protein aggregates in the brain leads to subsequent
neuronal death and dementia. Amyloid-B accumulates and forms senile plaques, while tau is

hyperphosphorylated, released from microtubules, and aggregates to form neurofibrillary



tangles. AD is accompanied by upregulation of Hsp27 and aB-crystallin, and Hsp27 is perhaps
best studied in the context of this neurodegenerative disease (46). In particular, Hsp27
expression levels correlate with disease severity and levels of phosphorylated tau (47, 48), and
the chaperone activity of Hsp27 appears to be protective in the context of AD. In cellular assays
using rat neuroblastoma neurons, Hsp27 overexpression or adenoviral delivery results in
decreased levels of hyperphosphorylated and total tau and correspondingly lessened toxicity
(31, 48, 49). Moreover, in a transgenic mouse model of tauopathy expressing the P301L mutant
of tau (rTg4510), adenoviral transfection of Hsp27 rescues tau-associated deficits in long-term
potentiation (31). Powerfully, transgenic overexpression of human Hsp27 corrected
hippocampal deficits in long-term potentiation in a double-transgenic mouse model of
Alzheimer’s disease that expresses the Swedish mutation of amyloid precursor protein and
presenilin 1 deleted in exon 9 (APPswe/PS1dE9). In behavioral assays of learning and memory,
the transgenic mice overexpressing Hsp27 actually resembled normal wild type animals,
recovering the severe behavioral phenotypes seen in the vector control animals (50).
Mechanistically, little is known about how Hsp27 exerts this protective effect, though Hsp27 can
chaperone tau in vitro and prevents the elongation of tau fibrils (31). Moreover, Hsp27
preferentially interacts with phosphorylated versus unphosphorylated tau in
immunoprecipitation assays with recombinant protein, suggesting that the chaperone may be

able to distinguish between the pathological and normal conformations of the polypeptide (48).

In addition to its roles in tau homeostasis, Hsp27 also plays a protective role in amyloid-B
aggregation and toxicity, a second major component of AD pathology (51, 52). In mouse
neuroblastoma neurons, Hsp27 is upregulated 6- to 7-fold when the neurons are exposed to
toxic amyloid-B oligomers. When the amyloid-B oligomers were pre-treated with
substoichiometric amounts of Hsp27, Hsp27 completely abrogated neurotoxicity, an effect that
was specific to Hsp27 and dependent upon the order of addition (that is, the effect of Hsp27
was from its interaction with oligomers of amyloid-B and not directly with cells). Electron and
atomic force microscopy suggests that Hsp27 remodels neurotoxic amyloid-B oligomers into
larger, non-toxic aggregates (52). A separate study demonstrated a direct binding interaction
between Hsp27 as well as three other sHsps with monomeric amyloid-B1.490 and 1.4, and found
that the apparent affinity of each interaction correlated with the degree of sHsp inhibition of

amyloid-B cytotoxicity and the degree of sHsp inhibition of amyloid-B fibril formation (53).



Together, this suggests that Hsp27’s chaperone activity is responsible for mitigating toxicity of

amyloid-pB.

The sHsp aB-crystallin is also overexpressed in AD patients, most highly in neurons that are
adjacent to extracellular neurofibrillary tangles or senile plagues (54). aB-crystallin is known to
efficiently suppress the aggregation of amyloid-B at substoichiometric concentrations. A number
of studies have characterized direct binding interactions between the proteins using orthogonal
techniques, suggesting multiple modes of interaction. Solution NMR studies found that the aB-
crystallin weakly and transiently interacts with the hydrophobic core residues of monomeric
amyloid-B;.40, the same residues that form monomer-monomer contacts in its aggregation (55),
suggesting that aB-crystallin is a competitive inhibitor of amyloid-B1.40 aggregation. In addition, a
surface plasmon resonance study confirmed binding of aB-crystallin to immobilized amyloid-B;.
40 OF 1.4, and measured relatively tight (mid-nanomolar) apparent affinities, which may reflect
multivalency (53). Third, several in vitro studies have shown that aB-crystallin binds to
elongating fibrils of amyloid-Bi.4 or 1.4, along the lengths of fibrils to suppress fibrillization,
possibly by suppressing fragmentation and secondary nucleation (56-58). This series of studies
indicates that oaB-crystallin may interact with multiple conformations of amyloid-B (i.e.
monomers, oligomers, fibrils) to prevent aggregation. Reports conflict as to whether aB-
crystallin favors species that are toxic or nontoxic to cells (56-58), and more work is required to

understand the therapeutic utility of aB-crystallin in models of AD.

1.4.4. Parkinson’s disease

Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized by the
aggregation and deposition of a-synuclein in inclusions called Lewy bodies and the loss of
dopaminergic neurons. Though most cases of PD are idiopathic, a few cases involve mutations in
a-synuclein that cause the protein to aggregate more rapidly. Both Hsp27 and aB-crystallin are
upregulated in the brains of Parkinson’s disease patients and show similarly elevated expression
in the transgenic A53T a-synuclein mouse. aB-crystallin inhibits A53T a-synuclein fibrillization
and is thought to interact both with partially folded monomers as well as elongating fibrils (59,
60). Similarly, Hsp27 interacts weakly and transiently with a-synuclein protomers to suppress
fibrillization (61). Viral delivery of Hsp27 to human neuroglioma cells expressing a-synuclein

confers protection from apoptosis (62). In separate studies, knockdown of Hsp27 increases the
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susceptibility of dopaminergic neurons to A53T a-synuclein-associated toxicity. Neurons with
increased expression of Hsp27 contain fewer Lewy-body-like aggregates and are protected from
A53T a-synuclein-associated toxicity (63). Consequently, Hsp27 and aB-crystallin may represent
interesting targets for the development of therapeutics for PD, though no proof-of-concept

experiments have been carried out in animal models of the disease to date.

1.4.5. Prion diseases

Prion diseases are infectious neurodegenerative diseases that are transmitted by misfolded
proteins. In Creutzfeldt-Jakob disease (CJD), a rapidly progressing and invariably fatal
encephalopathy, aB-crystallin is highly upregulated in glia and neurons (64, 65). In hamsters
infected with the scrapie prion, aB-crystallin expression levels in reactive astrocytes increased as
the disease progressed from the time of inoculation. It is not clear if aB-crystallin is playing a
protective role as a molecular chaperone in prion diseases; however, because of the similarities
between prion diseases and tauopathies, sHsps may be protective in each case and warrant

further study (66).

1.5. sHsps are potential therapeutic targets in ischemic stroke

Neurodegenerative diseases are chronic diseases where the burden on the molecular chaperone
network to restore proteostasis is clear. However, sHsps are also upregulated in acute
neurological conditions where protein misfolding is not a central component of the disease
etiology; these include epileptic seizures and ischemic stroke (66). Little is known about the
involvement of sHsps in epilepsy, though many studies have observed upregulation of sHsps in
areas of the brain where epileptic seizures occur (67-69), and one study observed over 50%
reduction in kainate-induced seizure severity and associated mortality in a transgenic mouse
expressing Hsp27 (69). The protective effect of sHsps in ischemic stroke is better understood.
Ischemic strokes are caused when blood and oxygen supply to the brain is restricted, resulting in
the death of neurons within minutes. Both Hsp27 and aB-crystallin are upregulated in neurons
and plasma following strokes. Overexpression of Hsp27 is neuroprotective in transgenic mouse
models of cerebral ischemia; infarct size was reduced by about a third in mice expressing Hsp27
after permanent artery occlusion (70, 71). In a study by a different group, viral delivery of Hsp27
to neurons of living mice three days before induction of ischemic stroke reduced the volume of

resulting lesions by 44% compared to controls (72). In a third model of ischemia-reperfusion

11



injury, human Hsp27 purified from human lymphocytes was injected intravenously one hour
after the ischemic event. The protein crossed the blood brain barrier and was taken up by
neurons surrounding the area of ischemic injury. Treatment was accompanied by attenuation of
neuronal death; lesions were one-third of the size of those in untreated controls (73). In similar
studies, mice lacking aB-crystallin exhibited lesions nearly twice the size of those in wild-type
animals and scored significantly worse in neurobehavioral tests following ischemic injury than
animals with endogenous levels of the chaperone (74). In wild type mice, intraperitoneal
injection of recombinant, purified aB-crystallin up to 12 hours following experimental stroke
reduced lesion volume by approximately half (74). It is not clear whether the protective effect of
sHsps in ischemic stroke is due to sHsp chaperone activity, or if it is, what relevant protein
clients are involved. However, if the protective effect could be translated to human patients, it
would represent a significant improvement over the standard of care for stroke victims, both in

terms of therapeutic impact and treatment modality.

1.6. sHsps are potential therapeutic targets in cancers

Upregulation of sHsps is advantageous to cancer cells, contributing to tumor formation, growth,
and metastasis and resulting in resistance to chemotherapies (75). High levels of sHsps are
especially common in carcinomas, including ovarian, breast, head, and neck carcinomas, and
high levels of sHsps in tumors are associated with poor clinical prognoses (75). In a proof-of-
concept xenograft study in mice, peptide aptamers targeting Hsp27 strongly reduced tumor
growth. The same aptamers inhibited Hsp27’s anti-apoptotic activity in Hela cells (76). The anti-
apoptotic function of sHsps may represent a general effect of their chaperone activity towards
any number of client proteins involved in apoptotic cascades, or it may represent the result of a
protein-protein interaction with a specific effector of apoptosis. A few studies have examined
direct interactions of sHsps with apoptotic inducers, for example cytochrome C (77).
Cytochrome C is released from the mitochondria in response to apoptotic signals, and then
forms a complex with several other pro-apoptotic effectors including procaspase-9 and Apaf-1
(19, 77), initiating caspase cleavage and the beginning of apoptosis. Hsp27 interacts with
cytochrome C and prevents it from forming a complex with these effectors, thus preventing
apoptosis. Truncations and point mutations in Hsp27 tuned its ability to bind to cytochrome C
and the extent of binding predicted caspase cleavage activity and apoptosis, confirming that the

effect of Hsp27 was via its direct or indirect interaction with cytochrome C (19, 77). Hsp27 also
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plays a role in maintaining cytoskeletal integrity by interacting with and perhaps chaperoning
many proteins that make up the cytoskeleton, as reviewed in (78). Solid tumor metastasis
requires an epithelial-to-mesenchymal transition, invasion of cancer cells into other tissues,
then reversion back to epithelial cells and subsequent adhesion and growth. Both transitional
processes involve dramatic cytoskeletal remodeling, so it has been hypothesized that the
requirement of Hsp27 for tumor metastasis involves its chaperoning of cytoskeletal elements
(19, 78). Though more work remains to be done to understand the mechanism of sHsp
tumorigenic functions, inhibition of Hsp27’s interaction with cytochrome C or cytoskeletal

elements appear promising to be promising targets.

1.7. sHsps are non-canonical drug targets

While many studies suggest that sHsps may represent promising drug targets, the structure of
these chaperones precludes standard methods for the discovery of small molecule modulators.
Small heat shock proteins have no intrinsic enzymatic activity, and as such are not amenable to
the high-throughput screening assays that rely on enzymatic turnover as a reporter.
Additionally, sHsps do not have endogenous cofactors or tight binding natural ligands, and
correspondingly there are no known ligand binding sites. While sHsps are known to engage in a
number of protein-protein interactions (recently reviewed in (78)), these are largely transient
and weak interactions that are poorly suited for the design of a high-throughput screening
platform. To make matters worse, oligomeric sHsps are very large (>500 kDa) and polydisperse,
and are consequently very difficult problems for structure-based design. As discussed earlier in
this chapter, genetic proof-of-concept studies suggest that sHsps may represent attractive
therapeutic targets in a number of indications. However, to date these studies have all
examined the phenotypic effects of modulating total levels of protein, rather than tuning the
function of sHsps at endogenous levels. An sHsp modulator might act at the level of
transcription to change total levels of sHsp, for example by modulating HSF1 activation. With
this goal in mind, pilot studies involving targeting HSF1 with small molecules were carried out
and are described in the Appendix of this thesis. Conversely, a small molecule may act by
directly engaging an sHsp or sHsp-client complex and tuning chaperone function at the protein
level. The discovery of such ligands is the long-term goal of this body of work, and this thesis

represents important first steps towards achieving this aim.
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It is not obvious how a small molecule may be designed to modulate the chaperone activity of
sHsps, given the incomplete mechanistic understanding of structure-function relationships in
this class of proteins. A useful sHsp-based therapeutic for neurodegeneration would agonize the
protein’s chaperone activities, which are protective in these disease states. An sHsp agonist
could stabilize sHsp-client interactions or favor active conformations of sHsps that are
competent to bind clients. Conversely, an sHsp antagonist would be useful in cancers, where
inhibition of sHsp chaperone function is desirable. A molecule that inhibits sHsp-client protein-
protein interactions or contacts between sHsp protomers is hypothesized to antagonize
chaperone activity. Our incomplete mechanistic understanding of sHsp structure and function is
at once the greatest challenge of targeting sHsps and the underlying motivation for discovering
useful chemical probes that perturb or stabilize sHsp structure and protein-protein interactions
in useful and predictable ways. The discovery of chemical probes for sHsps is expected to

contribute greatly to our mechanistic of this class of molecular chaperones.

1.8. Strategies for ligand discovery for non-canonical targets

sHsps have been genetically validated as promising therapeutic targets. However, this class of
proteins has been labeled ‘undruggable’ because of a number of aspects of sHsp structure and
function that preclude application of many of the common strategies for drug discovery to this
family of molecular chaperones. Thus, this class of proteins may be considered as genetically
validated but chemically unvalidated therapeutic targets. In the remainder of this chapter, we
discuss biophysical and in silico strategies for identifying ligands for noncanonical targets such as

sHsps, and consider expansions in chemical library design that support this process.

1.8.1. Affinity-based techniques for ligand discovery

A major problem in many potential drug discovery campaigns involving non-enzymes is that it is
difficult to identify molecules that bind the target. In the absence of an enzymatic function,
there is no convenient surrogate for ligand binding, so the interaction must be directly
measured. Nuclear magnetic resonance (NMR)-based screening has proven to be particularly
amenable to the label-free, affinity-based selection of ligands that bind a target of interest,
including non-enzymes (79). The most information-rich platform for NMR-based screening uses
a two-dimensional experiment (HSQC or TROSY) and observes N or **C isotopically labeled

protein. In these experiments, mixtures of library compounds, generally low molecular weight
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fragments, are added to a solution of the protein. Hits result in binding-induced perturbations of
the chemical shifts associated with N-H or C-H bonds (Figure 1.5A) and, if the NMR spectrum is
assigned to the protein’s primary sequence, then the ligand binding site may be directly
determined from this experiment. The binding site is often used to prioritize hits and the screen
may be carried out in the presence of a competitive orthosteric ligand to favor the identification
of second-site binders. False positive rates are typically low, and nonspecific binding is often
readily recognizable. However, protein-observed NMR screening requires that the protein be
highly soluble, stable, and homogenous at high concentrations (50 to 500 uM (80)), able to be
recombinantly expressed in isotopically enriched media, and relatively small (less than ~80 kDa,
though this limit depends on the type of labeling and experiment used (81)). Thus, to
complement the protein-observed experiments, a number of one-dimensional, ligand-observed
experiments may also be used, including saturation transfer (82, 83) and diffusion based
experiments (84, 85). These approaches are selection-based, meaning that only the ligands
interacting with the target protein are identified from mixtures. Ligand-observed experiments
require relatively low concentrations of protein (typically 1 to 10 uM), and the protein need not
be isotopically labeled. In addition, they have higher throughput and lower experimental cost
than protein-observed experiments. However, ligand-observed methods do not distinguish
between specific and nonspecific interactions, they offer no information on the binding site, and
they suffer from higher false positive rates (though the combination of several ligand-observed
experiments may increase reliability (86)). For both ligand- and protein-observed NMR
experiments, relatively weak interactions (Kp values between 0.1 uM to 10 mM) can be

measured, but stronger interactions can give false negatives (81).

In addition to its utility as a screening strategy, NMR can be extremely valuable for de novo
binding site identification in targets for which no orthosteric site is known or for which an
allosteric site is desired (87-91). These methods might even reveal sites that are not obvious
from available crystal structures because NMR is solution-based. Because of the reliability of
NMR in identifying binding sites for small molecules, hit rates from fragment-based NMR
screens are often used to categorize a protein target for its potential “druggability” (92). The
theory in this approach is that higher hit rates are suggestive of more and deeper binding sites.
For example, Hajduk and colleagues observed a correlation between high experimental NMR hit

rates (>0.2%) and the success of medicinal chemistry campaigns to develop molecules with high
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affinity (<300 nM) among a set of 23 protein targets (92). This approach might be particularly
useful in targeting PPls, because of the notoriously shallow contact surfaces involved and the
advantages of using allostery to disrupt these interfaces (93, 94). My attempts to identify ligands

for Hsp27 using NMR-based screening will be discussed in Chapter 4.

To illustrate the potential of NMR-based screening campaigns, it is useful to consider the
specific example of survivin. Survivin is a cell cycle regulator and inhibitor of apoptosis that is
upregulated in most tumor cell types but absent in most other adult tissues (95). High levels of
survivin have been associated with poor prognosis in patients (96) and antisense
oligonucleotides and siRNA against survivin decrease proliferation in a number of cancer cell
lines (97, 98). Survivin has no enzymatic activity or known endogenous small molecule
regulators, and, accordingly, no robust biochemical assay of survivin function has been
established. Wendt and colleagues at Abbott Laboratories chose to employ two complementary
affinity-based screening methods, NMR-based screening and affinity selection mass
spectrometry (AS-MS) to pursue lead generation of molecules that bind survivin (79). AS-MS
experiments start with the incubation of a mixture of ligands with the protein target of interest,
followed by a separation step to remove unbound molecules and mass spectrometry-based
identification of eluted compound(s) (99). These methods are highly sensitive and allow for the
evaluation of large chemical libraries (up to 10° to date, (100)) without the need to add labels
(99, 101). However, because it is prone to false positives, this method is complemented by
protein-based NMR screening. Thus, the Abbott group used these two methods in combination
to discover a novel small molecule-binding site on the dimer interface of survivin. They also used
the relative hit rates from the screening campaign to evaluate the relative druggability of this
new site, concluding that the dimer interface may be particularly promising (0.35% relative to
0.01% for a known peptide-binding interface). One lead series was developed into a class of
compounds with nanomolar affinity for survivin (79). Although it is not yet clear how
interactions with this binding site impact survivin biology, the lead compounds from this

campaign are expected to be powerful probes for target validation.

Surface plasmon resonance (SPR) is a label-free platform for the detection of direct binding
interactions. Briefly, the target protein is typically immobilized to a gold chip, and potential

ligands are introduced to this surface. Real-time association and dissociation rates of the

16



interaction are measured, giving useful information about binding kinetics. The well-known
nutlin class of MDM2-p53 protein-protein inhibitors originated from a competition SPR screen,
in which the ability of molecules to disrupt this PPl was monitored (102). The throughput of SPR
experiments is lower than that of other affinity-based techniques, but these rates are increasing
with newer generations of the technology; the latest instrument from GE Healthcare, the
Biacore 4000, handles up to 4,800 samples per day (103). However, this technique is still more
widely applied to the evaluation of small, focused libraries during lead optimization. Some
improvement in throughput can be obtained using biolayer interferometry (BLI). In
commercialized BLI platforms, pins with immobilized ligand are dipped into wells of 96- or 384-
well microtiter plates containing solutions of analytes, and the association and dissociation rates
are measured in real-time. Using this approach, the OctetRed384 (ForteBio) can process up to
7000 samples per day (104). Both SPR and BLI are flexible platforms that are well suited to the
study of non-canonical targets because no structural information is required, no ligand binding

site needs to be identified and no enzymatic activity is necessary.

Microarray techniques facilitate the discovery of new ligands via binding of a target to arrays of
immobilized compounds. In this approach, small molecules or peptides are covalently attached
to modified glass microscope slides, followed by incubation with the protein target of interest
that is either directly labeled with a fluorophore or detected using a fluorescent antibody (Figure
1.5A). This approach has been used to discover new ligands for non-enzymes, including the
yeast transcription factor Hap3p (105) and the extracellular signaling protein Sonic hedgehog
(106). In the Hap3p campaign, a collection of 12,400 immobilized compounds was screened,
leading to the discovery of haptamide B. Haptamide B binds Hap3p and inhibits its
transcriptional activity (105), likely by blocking PPls in the transcription complex. In a similar
strategy, Stanton and colleagues screened 10,000 immobilized compounds and identified
robotnikinin, which binds the N-terminus of Sonic hedgehog and inhibits signaling (106, 107). In
another recent adaptation of this technology, Landry and colleagues combined microarrays with
ellipsometry to obtain affinity values for binding to 10" immobilized small molecules (108, 109).
The oblique-incidence reflectivity difference microscope that was constructed for this use is not
yet commercialized (110), but it has the potential to accelerate affinity-based lead discovery by

microarrays by facilitating rank-ordering of potential ligands.
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Tethering is a technique that uses disulfide exchange to identify small molecule ligands for a
given site on a protein (111). This technique enables discovery targeting orthosteric or allosteric
sites. Such sites may be apparent from prior structural knowledge of the target and its
mechanism of action, or may be identified de novo using computational methods (see section
1.10). Tethering may also be applied to the inhibition of protein-protein interactions, which
often involve large, diffuse surfaces of the binding partners (5). In these instances, alanine
scanning may be useful in identifying ‘hot spots’ on a protein surface that account for most of
the binding energy (112), which may then be targeted for inhibitor binding. In disulfide
tethering, a cysteine residue is introduced within or adjacent to the site of interest, and any
endogenous reactive cysteines are mutated to alanines. The target protein is then exposed to a
library of small molecules (generally fragments) containing reactive thiols, in the presence of
competing amounts of a thiol reducing agent such as B-mercaptoethanol. A molecule that has
favorable physicochemical interactions with residues in the site will outcompete pB-
mercaptoethanol and form a mixed disulfide adduct with the protein target. The resulting
‘tethered’ protein-ligand adduct can then be identified by mass spectrometry (111). Hits from a
tethering screen may be elaborated and optimized, using structure guided design and
competition with B-mercaptoethanol as a proxy for affinity. The thiol in the ligand can then be
removed or replaced and the ligand will retain affinity for the wild-type target protein. In some
cases, tethering can be used to target endogenous cysteines; the thiol in the ligand may be
converted to a stronger electrophile (e.g. acrylamides or vinyl sulfonamides) to generate an
irreversibly covalent ligand (113). Efforts to apply tethering to the endogenous cysteine in Hsp27

are underway in the Gestwicki lab and will be briefly discussed in the context of Chapter 4.

1.8.2. Stability-based methods for ligand discovery

Monitoring ligand-induced changes in protein stability is another way to discover potential
ligands for non-enzymes. Historically, the drug discovery applications of ligand-induced stability
were pioneered in attempts to develop “pharmacological chaperones”, or molecules that
stabilize the folded form of a mutated or damaged protein. Pharmacological chaperones have
been successfully used to correct disease phenotypes in a number of disorders caused by a loss
of protein stability (114), including phenylketonuria (115, 116), Gaucher disease (117, 118), Tay-
Sachs disease (119), cystic fibrosis (120, 121), and transthyretin amyloidosis (122, 123). One

molecule, tafamidis, has been approved in Europe for the treatment of a form of transthyretin
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amyloidosis, familial amyloid polyneuropathy (124). Tafamidis kinetically stabilizes the
tetrameric conformation of transthyretin, increasing the activation barrier of dissociation of the
tetramer to an unstable monomer (122). Similarly, a recently discovered peptide inhibitor of
caspase-6 acts by stabilizing an inactive, tetrameric conformation of the protein (125). Recent
work suggests that even some classic ligands might, in fact, use a pharmacological chaperone
mechanism; for example, nicotine appears to exert its effects by thermodynamically stabilizing a
specific conformation of the acetylcholine receptor (126, 127). There are a number of methods
available for discovering ligands that bind and stabilize targets and, because these methods do
not rely on enzymatic turnover, they are particularly versatile tools for discovery in a post-

genomic era.

Differential scanning fluorimetry (DSF) is one technique for measuring the ligand-induced
changes in the thermal stability of a protein (128). In these experiments, a protein solution is
heated, leading to thermal denaturation. This unfolding is monitored using an environmentally
sensitive fluorophore, such as 8-(phenylamino)-1-naphthalenesulfonic acid (1,8-ANS) (Figure
1.5B) and ligands are identified by their ability to shift the apparent melting transition (AT,,). DSF
experiments can be miniaturized for use in 384-well microtiter plates (129-132), permitting the

screening of chemical libraries.
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Figure 1.5. Selected biophysical methods for ligand discovery. A: Ligand-induced changes in chemical shifts of a H, BN
HSQC spectrum of a protein target suitable for NMR-based screening indicate binding. Fluorescent spots on a small
molecule microarray indicate the presence of a fluorescently labeled protein bound to the immobilized ligands. B:
Differential scanning fluorimetry measures changes in the melting temperature (T,,) of a protein target induced by
ligand binding. Similarly, hydrogen-deuterium exchange can measure changes in stability to chemical denaturation
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due to small molecule binding. C: The mixed-solvent molecular dynamics method may be used for both binding site
identification and the construction of a pharmacophore.

One illustrative example of a DSF campaign was reported for the transcription factor p53, which
is a tumor suppressor that normally functions to regulate cell cycle arrest and apoptosis.
Knockout mice (p53'/') have high rates of spontaneous tumors, and p53 null or mutant tumors
are associated with poor prognosis and resistance to chemotherapy in a number of human
cancers (133). The suppressor oncogenes MDM2 and HDM2 engage in PPIs that activate p53,
leading to cell cycle arrest and apoptosis. These observations suggested that inhibitors of the
p53-MDM2/HDM?2 interactions might be promising anti-tumor agents, yet the drug target was
clearly a non-enzyme, PPl interface. A team at Johnson & Johnson used DSF to screen a focused
collection of 22,000 1,4-benzodiazepine-2,5-diones for affinity to HDM2 (134, 135). The
screening hits were then evaluated for inhibition of the p53-HDM2 PPl by a competitive
fluorescence polarization (FP) assay, resulting in the development of inhibitors with nanomolar
potency in cancer cell lines (133). In this example, the candidate molecules, discovered by DSF,
appear to bind HDM2 and stabilize a conformation that prevents the p53 interaction. DSF has
more recently been applied to an HTS campaign against the F508A mutant of the cystic fibrosis
transmembrane conductance regulator (CFTR) (136). This point mutant is responsible for most
cases of cystic fibrosis and it is known to destabilize the protein, causing F508A CFTR to be
aberrantly retained in the ER and degraded rather than trafficked to the plasma membrane,
where it normally functions as a chloride channel. DSF was used to prioritize hits from a cell-
based primary screen and it was found that the most promising molecules bind to the first
nucleotide-binding domain of the CFTR, helping to restore the folding free energy (AG) lost by
the mutant. These efforts resulted in the identification of a phenylhydrazone, RDR1, which acts
as a pharmacological chaperone for the misfolded F508A CFTR mutant (136). My attempts to
adopt this approach to study Hsp27 and aB-crystallin will be discussed in Chapter 3. Finally,
several variations of DSF experiments have been reported. For example, intrinsic fluorophores,
such as tryptophan or a cofactor, can be used in place of an extrinsic dye (137); cysteine
residues can be used in combination with thiol-specific fluorochromes in the same manner

(138).

Hydrogen-deuterium exchange (HDX) coupled with NMR or mass spectrometry can be a

powerful method for the detection of ligand-induced changes in protein stability. When a folded
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protein is placed in buffer containing deuterated water, exchangeable protons on amide
nitrogens and side chain heteroatoms are replaced with deuterons at a rate that is proportional
to their relative solvent accessibility. Upon unfolding of the protein, internal protons become
exchangeable (139), thus ligands can be detected by their ability to delay or prevent deuteration
(Figure 1.5B) (140). This technique has been developed for HTS by the Fitzgerald laboratory
using the prolyl isomerase cyclophilin A as a model system (141-143). In this example, a library
of 10" compounds was screened at a single timepoint and a single denaturant concentration,

with a throughput of ~100,000 compounds per day.

1.8.3. In silico methods for ligand discovery

Another tool in the discovery of ligands for non-enzyme targets is de novo binding site
identification, which uses geometrical, energy-based, evolutionary, or probe mapping
techniques to scan for sites that may be deep enough to accommodate small molecules with
good binding affinity (144, 145). This approach is often used as a prelude to the development of
pharmacophores that might bind the new site, which enriches subsequent HTS campaigns with
predicted inhibitors. Most of the available de novo site prediction methods search for potential
sites by identifying concave ‘pockets’ on the surface of a rigid protein structure (144).
Alternatives include energy-based approaches, which use a 3D potential grid to identify
contiguous regions of predicted low energy interactions (146) and evolutionary (or genomic)
methods, which consider the degree of conservation of amino acids on a protein’s surface (145,
147). Lastly, probe mapping techniques coat the surface of the protein with small organic
molecules and calculate the interaction energies between the probes and the surface to predict

likely sites (144). These four strategies may be used alone or in combination (144).

One significant limitation of the current de novo methods is that they are generally used with a
rigid protein structure, which makes them fast but inaccurate for flexible binding sites (145).
However, one recent advance is based on the multiple-solvent crystal structure (MSCS)
approach (148). In the MSCS experiment, a target protein is crystallized and placed in solutions
containing organic solvent. The organic probes displace water and they tend to accumulate at
sites where favorable interactions may be possible. When multiple solvents are used, the
contributions of aromatic, aliphatic, and hydrogen bonding interactions are identified (Figure

1.5C). The computational equivalent of the MSCS approach is mixed-solvent molecular
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dynamics (149), which employs an ensemble of protein structures from multiple crystal or NMR
experiments in a virtual box of mixed aqueous and organic solvent molecules (e.g. benzene +
propane + water). This system is minimized in a molecular dynamics (MD) simulation to build
pharmacophore models of potential binding sites (149). While the incorporation of explicit
solvents and protein flexibility represent an improvement, the predictive power of any de novo
method remains to be demonstrated for any non-enzyme. Together with the Carlson group, we

have applied these methods to the study of sHsps (Chapter 4).

Another possible contribution of in silico methods is that, once binding sites are identified, they
may be computationally assessed for potential druggability. Though this subfield is in its early
stages, a number of interesting studies have been reported (150-153). Briefly, these methods
use a combination of physical and physicochemical parameters, including the shape, size,
hydrophobicity, and hydrogen bonding capability of the pocket, and they compare these values
to training sets of known ligand-protein pairs. Cheng et al. developed one such method for
predicting maximal affinity using a scoring system based on the hydrophobicity of the solvent
accessible surface area (SASA) and the shape (curvature) of the ligand binding sites (150). This
method was able to confirm approximately 60 known protein-ligand maximal affinities. More
importantly, they also carried out pilot screens of 11,000 compounds against two target
enzymes, one of which was predicted to be “druggable” (i.e. good maximal affinities) by their
computational method and the other “difficult” (i.e. weak maximal affinities). These screens
gave hit rates of 1.8% and 0.15%, respectively, consistent with the prediction. Moreover,
additional optimization at Pfizer produced eleven sub-micromolar potency leads from the
“druggable” target project, but none for the “difficult” one. Further development of these

methods may yield an important tool for non-enzymes.

1.9. What Is the appropriate chemical space for libraries that target non-enzymes?

One theory to describe the apparent “un-druggability” of a non-enzyme target is that the types
of molecules being used in most HTS campaigns do not sample the appropriate chemical space
(156, 157). For example, commercial chemical libraries appear to be ill suited for the discovery
of inhibitors that bind PPIs (157, 158). Inhibitors of PPIs tend to have higher molecular mass and
more complex topology (e.g. macrocycles, high number of chiral centers) than inhibitors of

traditional, enzyme targets (recently reviewed in (159)). Thus, the success of HTS for non-
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canonical targets may be critically dependent on the selection of the appropriate chemical
library and seemingly failed screens for non-enzymes may, in fact, have arisen from poor
sampling of chemical space. Consequently, creative construction of new chemical libraries is a
vibrant and important area of research that is likely to expand our definition of “druggable”

targets.

Diversity-oriented synthesis (DOS) is one approach to expand the chemical space sampled by
synthetic chemical libraries. Many current HTS libraries consist of molecules representing a
relatively small number of chemical scaffolds, with physicochemical properties resembling
existing drugs (156). DOS approaches rely on divergent synthetic steps, in which the product of
one complexity-generating transformation is a substrate in a second, and so on (160-162)
(Figure 1.6A). Thus, in contrast to target-oriented synthesis or medicinal chemistry, DOS
methods tend to access structures with increased scaffold complexity and variety in a limited

number of synthetic steps.
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Figure 1.6. A: Diversity-oriented synthesis uses sequences of modular, complexity-generating reactions to build
compound libraries of diverse scaffolds (figure adapted from (162)). B: Focused libraries of natural product-inspired
scaffolds and cyclic peptides may be useful for lead generation against non-enzymes and protein-protein interactions.
C: Fragment-based screening enables the evolution of low-affinity, high-efficiency binders into high affinity leads.

Natural products provided some of the original inspiration for DOS libraries (163, 164), because
these natural compounds tend to be more structurally complex, with more chiral centers, a
higher proportion of carbon, hydrogen, and oxygen atoms and fewer nitrogen atoms than
synthetic compounds (reviewed in (165)). They also tend to be larger (> 500 Da) and frequently
more water-soluble (166). These compounds have evolved to be bioactive; thus, they tend to
have relatively favorable pharmacokinetic properties and high affinity and specificity (166).

Unsurprisingly, a large proportion (>60%) of FDA-approved drugs are natural products or natural
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product derivatives (167-169). Inspired by these favorable properties, libraries assembled based
on privileged core natural products have been constructed around a number of scaffolds,
including carbohydrates, steroids and sterols, fatty acid derivatives, polyketides, linear and cyclic
peptides, terpenoids, flavonoids, alkaloids, macrolactones and macrolactams, and many others
(165) (Figure 1.6B). In a related concept, Hopkins and Groom presented the idea that the
majority of drugs compete against endogenous small molecule regulators for binding sites on
proteins (170). This concept has led to the use of metabolomic profiling as a way to identify
druggable binding sites, and to the development of metabolite and cofactor mimetic libraries

(171).

Another interesting property of natural products is that they can sometimes inhibit otherwise
intractable classes of drug targets, such as PPls (172). For example, we recently screened a
small library of plant-derived natural products and successfully identified inhibitors of the
challenging PPl between the anti-bacterial targets DnaK and Dnal (173, 174). The difficulty of
targeting PPIs using commercial libraries is thought to result, in part, from incompatible
physicochemical properties (94, 158). For example, a 2010 analysis compared 66 PPI inhibitors
with a diverse set of 557 typical drugs, using 1,666 molecular descriptors (158). The study
concluded that PPl inhibitors are larger, more lipophilic, and have more aromatic rings and fused
ring systems (158). Thus, natural products may be especially suitable for targeting PPIs, as many

natural products overlap with this region of chemical space (156, 175).

Ribosomal and non-ribosomal peptides are natural products that exhibit a wide range of
biological activities. Synthetic peptides are often assembled by solid phase synthesis, using
functionalized polystyrene resin beads as solid support. Natural and unnatural amino acids may
be modularly incorporated to rapidly assemble a large amount of diversity using split-and-pool
methods. In one-bead-one-compound combinatorial libraries, each solid-support resin bead is
coated with a homogenous population of a unique peptide or peptoid (176-178). Such libraries
can then be incubated with a fluorescently labeled target of interest to find binding partners.
Like other affinity-based selection techniques, such as phage display (179), this platform can be
applied to any type of target molecule, even non-enzymes (177). Linear peptides generally have
poor pharmacokinetic properties (poor absorption and susceptibility to rapid degradation by

proteases), but this can be circumvented using a number of well-established strategies (180).
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For example, synthetic biological agents such as stapled peptides with covalently constrained
secondary structure may be cell-permeable and resistant to cellular proteases (181, 182).
Moreover, the conformational restriction imposed by the covalent stabilization of secondary
structure can efficiently mimic the binding surface of a protein (most notably a-helices),
resulting in tight and productive binding. Stapled peptides have been successfully developed to
modulate a number of noncanonical targets such as transcription factors as well as PPls (183-
185). Cyclic peptides are another class of natural products suitable for use in targeting non-
enzymes. The reduced conformational flexibility of cyclized peptides is advantageous for target
binding, membrane permeability, and stabilization against digestion by endoproteases (186).
Until recently, the one-bead-one-compound technique was limited to the screening of linear
peptide or peptoid libraries, because Edman degradation sequencing requires a free amino
terminus. However, Liu et al. developed a clever strategy to circumvent this obstacle (186),
including both linear and cyclic versions of peptides embedded on either the inner or outer
layers of a polymeric resin support (Figure 1.6B) (186). In a proof-of-principle study, a library of
10’ cyclic peptides was generated and screened against the human prolactin receptor, resulting
in molecules with low micromolar affinity for an allosteric site on the receptor (186). Similarly, a
screen of a focused library of over 10° cyclic peptides designed to competitively inhibit the
calcineurin-NFAT PPI resulted in the discovery of several ligands with low micromolar potency

(187).

DNA-encoded libraries (DELs) are another way to select for small molecules with affinity for a
target of interest (101, 188, 189). Analogous to phage-display, DELs link small molecule selection
with unique, covalently attached DNA “bar codes” (189). Molecules with affinity for the target
are identified by PCR amplification and sequencing of the DNA tag. DELs may be synthesized
using split-and-pool combinatorial assembly or DNA-templated synthetic methods (188). For
example, Wrenn et al. synthesized and screened 10°® DNA-encoded 8-mer peptoids for binding
to the N-terminal SH3 domain of the proto-oncogene Crk (p38) (100), which successfully
resulted in the identification of several peptoids with low- to mid-micromolar affinity for Crk.
One drawback of this approach is that synthetic transformations used in library construction
must be DNA-compatible, but a relatively wide range of orthogonal reactions have been
reported (190). Compound discovery by DELs may be applied to any type of target class, and is

relatively inexpensive after the initial investment of library construction.
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Fragment-based screening utilizes chemical libraries consisting of low-molecular weight, low
complexity compounds (“fragments”), which are tested for binding to a target protein by NMR,
x-ray crystallography, or SPR. Low-affinity hits (generally with Ky values between 0.1 and 10 mM
(85)) are then evolved into higher-affinity binders though structure-based design and medicinal
chemistry (Figure 1.6C). Fragment-based screening has gained widespread application over the
past decade (191), and provides several strategic advantages. First, fragment-based screening
libraries exhibit high sampling efficiency; they offer greater coverage of chemical space with a
smaller number of library members (192). In fact, a library of 10° fragments represents the same
chemical space as 10" drug-like molecules (192). Second, fragment based screening produces
weak but high-quality binders. Absolute binding affinities range from micromolar to millimolar,
but ligand efficiency (or binding energy per non-hydrogen atom (193)), is comparable or
stronger than HTS hits (194). The reason for this observation is that molecules binding to their
target must overcome the entropic cost of the interaction, estimated for a rigid body to be ~15-
20 kJ/mol (193). As a result, a fragment that binds with 100 uM affinity actually contributes over
half of the binding energy to an optimized, nanomolar K, molecule (193), as long as the
incorporated fragment still takes advantage of the same binding interactions. Lastly, fragment
hits have favorable physicochemical properties as starting points for pharmaceutical design. As
compared to typical HTS hits, fragment hits are much lower in molecular weight, less lipophilic,

and more soluble (195).

It may be the case that “failure of a [well-designed] screen to identify a chemical starting point
can be simplified to one of two factors: the target itself is un-druggable (unable to be modulated
appropriately by a small molecule), or the screen did not test the correct compounds (yet)”
(196). The expansion of screening collections may therefore increase the number of targets that

are considered “druggable.”

1.10. Application of biophysical strategies for ligand discovery to small heat shock proteins

To illustrate these concepts, my thesis is focused on using a full suite of modern methods to
develop molecules that bind sHsps. Because of their complex structures, these proteins are
challenging and non-canonical targets. However, using multiple methods, | show that they are

amenable to drug discovery. In Chapter 2, | characterize disease-related mutations in sHsps that
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result in aggregation. In Chapter 3, | discuss the application of differential scanning fluorimetry
to one such aggregation-prone mutant of aB-crystallin and characterization of the resulting lead
molecule in vitro and in animal models of disease. This work was carried out in close
collaboration with the Andley laboratory. Chapter 4 describes orthogonal discovery efforts that
resulted in the identification of ligands for Hsp27 despite its absence of enzymatic activity or
known small molecule binding sites; this work was carried out in collaboration with the Klevit,
Carlson, and Cierpicki laboratories. Chapter 5 is a discussion of future work required to continue
the development and application of the chemical probes described herein, as well as broader
future directions. The appendix describes my contribution to early efforts in ligand identification
for the transcription factor HSF1, a canonically ‘undruggable’ target that presents many of the
same challenges as the sHsp family. This work was undertaken in collaboration with the Thiele

laboratory and is ongoing.

1.11. Notes
A portion of this chapter has been published as L. N. Makley, J. E. Gestwicki, Expanding the

Number of 'Druggable’ Targets: Non-Enzymes and Protein-Protein Interactions. Chemical Biology

& Drug Design 81, 22-32 (2013).
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Chapter 2
Mutations in sHsps Destabilize the Native Fold

and Favor Formation of Amyloids

2.1. Abstract

In Chapter 1, we introduced small heat proteins (sHsps) as undruggable targets. Mutations in
the coding sequences of this family of proteins cause hereditary cataracts, myopathies, and
neuropathies (1-5). An unresolved question in the field of sHsp biology is how each of these
mutations causes disease. While most early studies focused on studying whether the mutations
caused loss-of-function, recent evidence suggests that some of these mutations might
destabilize sHsp structure, leading to aggregation and potential gain-of-function toxicity. For
example, aggregates formed from misfolded R120G aB-crystallin are associated with cataracts.
However, the aggregation propensity of the analogous mutations in Hsp27 or other sHsps has
not been similarly analyzed. In this Chapter, we explore the biochemistry of disease-associated
sHsp mutants. Our goals were two-fold: (a) to understand whether these mutations might
destabilize the sHsp dimers to favor amyloid formation and (b) to establish a framework in
which to develop potential disease-modifying molecules targeting the sHsps. Using light
scattering assays and electron microscopy, we show that four disease-causing mutations,
including R120G aB-crystallin and R140G Hsp27, are prone to amyloid formation. Based on the
conserved location of other disease-associated mutations at the dimer interface, we propose
that many (if not all) of the sHsp mutations lead to protein instability and aggregation.
Importantly, these studies provide a model in which ligands of sHsps would be expected to
stabilize the native fold and potentially restore normal function, a concept that will be tested in

Chapters 3 and 4.

2.2. Introduction

39



Small heat shock proteins are molecular chaperones that act as the first line of defense in the
proteostasis network. These proteins bind to destabilized client proteins and prevent off-
pathway aggregation, maintaining a folding-competent state for enzymatic components of the
chaperone network to refold or triage (6, 7). Structurally, sHsps have a conserved core a-
crystallin domain that mediates dimerization via an antiparallel B-strand interface (8, 9). This
core domain is flanked by less conserved N- and C-terminal extensions that permit sHsp dimers
to further oligomerize into polydisperse ensembles of between 20 and 40 protomers (10, 11).

Mutations in sHsps have been associated with disease.

2.3. Mutations in sHsps are associated with disease

In 1998, an arginine to glycine point mutation in aB-crystallin (R120G) was identified in a French
family with cataracts and desmin-related myopathy (12). Mutations in the corresponding
residue in three other sHsps (R140 in Hsp27, R116 in 120 in aA-crystallin, and K141 in Hsp22) are
also associated with disease (13). The R140G mutation in Hsp27 was discovered in families with
Charcot-Marie-Tooth (CMT) type 2 disease or distal hereditary motor neuropathy (1),
progressive neurodegenerative disorders that affect the peripheral nervous system (14, 15).
Two other ‘hot spot’ sHsp mutations affect the residue R116 in aA-crystallin and K141 in Hsp22.
R116C aA-crystallin is associated with congenital cataract (16), and the mutations K141E and

K141N in Hsp22 cause peripheral neuropathies (13).

2.4. Hot spot mutation destabilizes the dimeric substructure of aB-crystallin and leads to its
aggregation

The R120 residue is located within the B6+7 strand that forms the antiparallel dimer interface of
the a-crystallin domain. The arginine at this position forms a salt bridge with an aspartic acid
residue on the opposite protomer (D109); the mutation therefore disrupts two salt bridges that
normally help define the dimer interface (see Figure 3.1). Interestingly, R120G aB-crystallin
readily forms amyloid fibrils both in vitro and in vivo, a characteristic which is thought to
contribute to the mutant pathology in both cataracts and myopathy (17-21). These observations
suggested to us that the R120G mutation might destabilize the aB-crystallin dimer and lead to
the release of unstable monomers that re-arrange into beta-sheet rich amyloid fibrils.
Consistent with this hypothesis, mutation of the ion-pairing aspartic acid residue results in a

similar syndrome that is also associated with protein aggregation (22).

40



2.5. Amyloids are ordered protein aggregates that overwhelm the proteostasis network

Amyloids are ordered, insoluble protein aggregates that are formed when unstable protein
monomers adopt a ‘cross-B’ rich structure and stack together in higher-order filaments
stabilized by hydrogen bonds between backbone atoms. Amyloid fibrils have an elongated,
rope-like appearance by electron microscopy and they bind to the dyes thioflavin T and Congo
red. Amyloid formation is kinetically disfavored under normal conditions, but amyloid fibrils are
typically more thermodynamically stable than the native protein fold (23). Some of this stability
is granted by secondary interactions involving steric intercalation of side chain residues in so-
called ‘steric zippers’ that exclude water (23, 24). Amyloid deposits are classically associated
with Alzheimer’s disease, in which they were first discovered, but an increasing number of
human diseases in other organs have been linked to amyloid deposition as well (23). In these
diseases, protein misfolding is thought to cause toxicity by overwhelming the capacity of the
chaperone and degradation machineries to maintain proper protein homeostasis. This results in
more extensive protein misfolding and aggregation, resulting in a self-propagating cycle that

eventually causes cell death (25).

2.6. Pathological point mutations are clustered in the dimer interface

We reviewed the locations of the known disease-associated mutations in sHsps and were struck
by the fact that many of the pathological mutations can be found within the B6+7 strand that
forms the dimer interface. For example, eight of the eighteen mutations (44%) in Hsp27 fall
within the B6+7 strand or the residues that make up the adjacent loops, though this represents
only 12% of the primary sequence of the protein (Table 2.1 and Figure 2.1). Overall, among the
four sHsps listed in the table, sixteen of the forty-two reported mutations (38%) fall within this

region. This highlights the importance of the stability of the dimer interface to sHsp biology.

Protein | Mutation Region Disease Known effects
G34R NT DHMN Uncharacterized
CMT2 and
P39L NT h i
39 DHMN (AD) Uncharacterized
Hsp27
(HSPB1) E41K NT DHMN (AD) Uncharacterized

Promotes phosphorylation-dependent dissociation of
CMT2 and . .
G84R NT DHMN (AD) oligomers (26); may affect phosphorylation by
MAPKAP2 at nearby Ser78 and Ser82
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CMT2 and

Promotes phosphorylation-dependent dissociation of

L99M ACD
9 ¢ DHMN (AR) oligomers (26)
R127W ACD DHMN (AD) Increases monomerization; increases binding to tubulin
(1,27)
Increases monomerization; increases binding to tubulin;
CMT2 and . . . .
S135F ACD DHMN (AD) colocalizes with intermediate filament aggregates;
impairs axonal transport (1, 27)
CMT2 and
135M ACD h i
S$135 c DHMN (AD) Uncharacterized
R136W ACD CMT2 (AD) Increases binding to tubulin
R136L ACD CMT2 (AD) Uncharacterized
R140G ACD CMT2 and Hot spot residue; mutation decreases melting
DHMN (AD) temperature (28)
K141N ACD PN (AD) Uncharacterized
K141Q ACD PN (AD) Mutation decreases melting temperature (28)
Uncharacterized; does not increase monomerization or
T1511 ACD DHMN (AD . N
(AD) binding to tubulin (1, 27)
T164A ACD CMT2 (AD) Uncharacterized
IXI CMT2 and .
T180I motif DHMN (AD) Uncharacterized
P182L IXI. DHMN (AD) Aggr?gates; |m.pa|rs axonal transport by interfering with
motif dynein/dynactin
IXI .
P182S . DHMN (AD) Uncharacterized
motif
R188W CcT CMT2 Uncharacterized
| li icsi |
R12C NT Cataract (AD) ncreases o |gom.er|c size and alters secondary structure
(29); aggregates in cells (22)
R21L NT Cataract (AD) Alters secondary structure (29); aggregates in cells (22)
R21W NT Cataract (AD) Alters secondary structure (29); aggregates in cells (22)
Alters secondary structure (29); aggregates in vitro (30),
R49C NT Cataract (AD) in cells (22), and in knock in mice (31); causes co-
aggregation of aB-crystallin in knock in mice (31)
A- . .
¢ . Cataract (AD, Increases oligomeric size and alters secondary structure
crystallin R54C NT AR)(32) (29); aggregates in cells (22)
(HSPB4) s ageres
. Decreases thermal stability and diminishes chaperone
F71L ACD |
¢ senile cataract activity towards aB-crystallin (33, 34)
. Less stable (35); forms detergent-insoluble aggregates
Pre-senile . e L
G98R ACD in lens epithelial cells (36); more sensitive to copper
cataract (AD) . L
induced aggregation in vitro (37)
h ized; h imilar effect
D105H ACD Cataract (AD) Uncharacterized; expected to have similar effects as

R116C and R116H (ion-paired partner, see text)
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Hot spot residue; alters secondary structure (29);
aggregates (22, 29, 30); interacts more tightly with
Hsp27 and aB-crystallin (38); binds less tightly to actin
(39)

R116C ACD Cataract (AD)

Hot spot residue; alters secondary structure (29);

C t (AD
R116H ACD ataract (AD) aggregates (22, 29); exhibits decreased stability (30)

Alters secondary structure, decreases surface

R11H NT C t (AD
ataract (AD) hydrophobicity, induces apoptosis (40)
P20S NT Cataract (AD) May affect phosphorylation (located next to Ser19)
R56W NT Cataract (AR) Uncharacterized
R69C NT Cataract (AD) Uncharacterized

Cataract, MFM,
DM, respiratory
D109H ACD insufficiency, Uncharacterized in vitro; aggregates in cells (22)
dysphonia,
dysphagia (AD)

Hot spot residue; alters secondary, tertiary, and
quaternary structure, dramatically increases propensity

aB- . R120G ACD Cataract, DRM to aggregate in vitro and in cells (12, 22, 30); forms
crystallin (AD) . . . L
amyloids (17); increases affinity for desmin filaments
(HSPB5)
(41)
Congenital Alters tertiary and quaternary structure, increases
D140N ACD lamellar surface hydrophobicity, decreases temperature stability

cataract (AD) (42); aggregates in cells (22)

x| Distal
G154S . myopathy, Aggregates in cells (43)
motif .
cardiomyopathy
IXI . . . . .
R157H motif DCM (AD) Increases interaction with titin, aggregates in cells (22)
A171T CT Cataract (AD) Uncharacterized
Hot spot residue; loss of stability (44); impaired
chaperone activity towards polyglutamine and P182L
K141E ACD DHMN
¢ Hsp27 in cells (30); impaired binding to Bag3 and
Hsp22 impaired autophagy (30); aggregates (13)
(HSPB6) . . . .
Hot spot residue; impaired chaperone activity towards
. . I e .
K141N ACD DHMN polyglutamine and P182L Hsp27 in cells (30); impaired

binding to Bag3 and impaired autophagy (30);
aggregates (13)

Table 2.1: Disease-causing point mutations in sHsps reported to date. Abbreviations: NT, N-terminus; ACD, a-crystallin
domain; CT, C-terminus; DHMN, distal hereditary motor neuropathy; CMT, Charcot-Marie-Tooth disease; PN,
peripheral neuropathy; MFM, myofibrillary myopathy; DRM, desmin-related myopathy; DCM, dilated
cardiomyopathy; AD, autosomal dominant; AR, autosomal recessive. Table compiled from (32), (45) and the sources
listed.
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Hsp27)

1

aA-crys) 1
aB-crys) 1

Hsp22)

1

MTERRVPFSLLRGPSWDPFRDWYPH----SRLFDQAFGLPRLPEEWSQWLGGSSWPGYVRPLPPAAIESPAVAAPAYSRAL 77
77777 MDVTIQHPWFKRTLGPFY-----PSRLFDQFFGEGLFEYDLLPFLSSTISP-YY--RQSLF-—-RTV-——------- 56
—————— MDIAIHHPWIRRPFFPFH---SPSRLFDQFFGEHLLESDLFPTSTSLSPF-YL--RPPSFLRAPSW-——----——— 60

MADGQMPFSCHYP--SRLRRDPFRDSPLSSRLLDDGFGMDPFPDDLTASWPDWALP-RLSSAWPGTLRSGMVPRGPTATAR 78

SRQLSSGVS—————— EIRHTAD--RWRVSLDVNHFAPDELTVKTKDGVVEITGKHEERQDEHGYISRCFTRKYTLPP 146
——-LDSGIS—-———-— EVRSDRD--KFVIFLDVKHFSPEDLTVKVQDDFVEIHGKHNERQDDHGYISREFHRRYRLPS 122
—-—-FDTGLS—————-— EMRLEKD —--RFSVNLDVKHFSPEELKVKVLGDVIEVHGKHEERQDEHGFISREFHRKYRIPA 126
FGVPAEGRTPPPFPG—————— E —- PWKVCVNVHSFKPEELMVKTKDGYVEVSGKHEEKQQEGGIVSKNFTKKIQLPA 147
GVDPTQVSSSLSPEGTLTVEAPMPKLA--TQSNEITIPVTFESRAQLGGPEAAKSDETAAK 205
NVDQSALSCSLSADGMLTFCGPKIQTGLDATHAERATPVSREEKP-————————— TSAPSS 173
DVDPLTITSSLSSDGVLTVNGPRKQV----SGPERTIPITREEKPAV-——————— TAAPKK 175
EVDPVTVFASLSPEGLLIIEAPQVP———————————— PYSTFGESSFNNELPQDSQEVTCT 196

Figure 2.1. Disease-associated mutations in sHsps cluster to the dimer interface. Sequences were aligned using the
NCBI Cobalt multiple sequence alignment tool. Mutations are shown in bold, and conserved residues at the mutation
positions are shown in green. The highly conserved a-crystallin core domain is indicated by the blue line. The B6+7
strand that forms the antiparallel dimer interface is shown in a pale blue rectangle, as is the IXI palindromic motif in

the C-terminus.

We wondered if other pathological mutations in sHsps might also destabilize the native dimer.

By analogy to R120G aB-crystallin, disrupting the stability of the dimer interface would be

expected to result in protein aggregation and potentially amyloid formation. We wanted to test

this hypothesis by examining the aggregation and amyloid-forming propensity of disease related

mutant sHsps.

2.7. Small heat shock proteins are predicted to form amyloids

We used the ZipperDB steric zipper prediction algorithm (24) to identify regions of sHsps that

are particularly prone to amyloid formation. Each sHsp analyzed (Hsp27, aA-crystallin, aB-

crystallin, and Hsp22) meets the criteria for high fibrillization propensity (Figure 2.2). Inclusion of

the R120G or R140G mutations does not change the predicted amyloidogenic regions.
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Figure 2.2: aB-crystallin and Hsp27 contain regions predicted to form amyloids. Using Zipper DB, regions predicted to

form stable amyloids were detected. Regions of strong propensity are shown in red in the "heat map”, as pioneered
by the Eisenberg group (24).
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2.8. Aggregates formed from aB-crystallin are amyloids and this conversion is accelerated by
the pathological mutation R120G

We first wanted to characterize the mutation R120G aB-crystallin to confirm the results of
literature studies that suggest this protein forms amyloids in vitro. We used light scattering to
compare the aggregation kinetics of R120G and wild type aB-crystallin under a variety of
conditions. We found that R120G aB-crystallin rapidly aggregated on mild heating under near

physiological buffer conditions (Figure 2.3).

0.30+
0.25- !;!ﬁmqﬁiﬂ
2 0201 o
@ o e R120G aB-crystallin (0.5 mg/mL)
8 0.154 ° ® R120G aB-crystallin (0.25 mg/mL)
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Figure 2.3. R120G aB-crystallin aggregates rapidly under mild conditions and at relatively low concentrations. Light

scattering curves are shown for R120G at 0.5 mg/mL and 0.25 mg/mL, in phosphate buffer at physiological pH at 46 °C
with shaking. Conversely, the wild-type protein (0.5 mg/mL) does not aggregate under these conditions.

Even at room temperature, R120G is prone to form aggregates within 30 minutes. We observed
the formation of white insoluble protein aggregates upon incubating 1 mg/mL solutions of
R120G aB-crystallin at room temperature (~23 °C), while the wild type protein solutions
remained clear. The samples were visualized by transmission electron microscopy, and the
R120G sample contained dense amyloid-like aggregates uniformly distributed across the
majority of the fields of the grids, while the grids prepared with wild type protein were mostly

empty with a few small aggregates (Figure 2.4).

e

Figure 2.4. Dense aggregates (indicated by arrow) are observed within 30 minutes of incubation at room temperature
for R120G aB-crystallin (right), while the wild type aB-crystallin grids were mostly clear with a few small aggregates
(left). Results are representative of experiments performed four times. Magnification is 11kx and scale bar is 1 um.
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We wondered if this difference between the aggregation propensity of wild type and the mutant
proteins might reflect a difference in thermal stability. Using differential scanning fluorimetry, a
technique that was introduced in Chapter 1 and that will be applied in Chapters 3 and 4 for
ligand discovery, we measured the apparent melting temperatures of full-length wild type and
R120G aB-crystallin. The wild type protein melted at 60 + 0.19°C (Figure 2.5). Rather than
decreasing the apparent melting temperature as expected, the R120G mutation resulted in an
increased melting temperature (here, 63.9 + 0.35°C). There was some variability observed in the
melting temperature of R120G aB-crystallin among preparations of protein, but it consistently
melted between ~3 °C and 9 °C higher than the wild type protein. We hypothesized that
amyloids of R120G aB-crystallin might be forming in the course of the differential scanning
fluorimetry experiment. In this model, the thermally stable amyloid fibrils might explain the
apparent increase in the observed melting temperature. To test this conjecture, we removed
samples at various times throughout the DSF experiment and visualized the protein by negative

stain transmission electron microscopy (Figure 2.6).
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Figure 2.5. Thermal stability measurements. The melting temperature of each sHsp solution was measured using DSF
(see the Methods section). Each value is the average of six measurements and error bars represent standard error of
the mean (SEM). Melting temperatures were calculated using a Boltzmann equation fit of the fluorescence curves.
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Figure 2.6. Mutant aB-crystallin is prone to forming amyloids during the DSF experiment. Samples of wild type aB-
crystallin (top) or R120G aB-crystallin (bottom) were taken from the DSF studies and imaged by electron microscopy.

In this DSF experiment, a protein solution was heated to a given temperature, incubated for 130
seconds, then cooled to room temperature before the fluorescence of the environmentally-
sensitive dye was measured. To prepare samples for electron microscopy, a protein solution
(without the fluorophore) was treated in this way and samples collected for EM. Before heating,
both wild type and mutant aB-crystallin are visible as small, globular oligomers, consistent with
previous observations. Upon heating/cooling in the DSF platform, these structures grow larger
and more irregular. Then, both proteins transition through a somewhat irregular aggregate
pattern. The R120G aB-crystallin eventually formed classical, elongated amyloid fibrils upon
heating to 80 °C and re-cooling. The wild type protein, in contrast, was visible as branched fibrils
that tended to clump in regions of the grids, while the mutant assumed mostly unbranched,
linear amyloids that were evenly dispersed across the grid. The morphology of the R120G
amyloid formed under these conditions closely resembles the fibrils reported by Meehan et al
(17) to be formed upon partial denaturation with 1 M guanidine hydrochloride and heating to

60 °C for two hours.

From these studies, it is clear that both the wild type and R120G aB-crystallin form amyloids
during the DSF experiment, which by definition completely denatures the proteins. However,
the room temperature electron microscopy (Figure 2.4) and the light scattering result (Figure
2.3) support the conclusion that the R120G mutant destabilizes the protein to increase its
aggregation propensity. Furthermore, the difference in the measured thermal stabilities of the
two proteins from DSF may be due to differences in the extent of amyloid fibrillization at given
temperatures. This was an interesting result for two reasons: 1) the morphology of the
aggregates formed under the conditions of the experiment are very clearly classic amyloid fibrils
(versus amorphous aggregates) and 2) this assay suggests a potential screening platform for the
discovery of ligands that stabilize R120G aB-crystallin against aggregation; this application of the

DSF platform will be discussed in Chapter 3.
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2.9. Hsp27 forms amyloids accelerated by the pathological mutation R140G

Next, we wanted to explore the biochemistry of the R140G mutation in Hsp27. In vitro, R140G
Hsp27 has been reported to be slightly destabilized relative to the wild type protein; it is slightly
more susceptible to proteolysis and melts at a lower temperature (64.0+0.2 versus
69.8 £ 0.2 °C (28)). However, its aggregation propensity has not been reported. We wanted to
investigate the amyloid-forming propensity of R140G Hsp27 to see if it behaves analogously to
R120G aB-crystallin. We expressed and purified Hsp27 containing the R140G mutation and
measured its thermal stability by DSF. In good agreement with the literature, R140G Hsp27
appeared to be slightly less stable than the wild type protein, melting with an apparent T,, of
65.9 + 0.10 °C versus 70.3 £ 0.23 °C (Figure 2.5). Using light scattering, we found that R140G
aggregated under relatively mild conditions at physiological pH with mild heating, though the lag
time for aggregation was much longer than that observed for R120G aB-crystallin and it

required higher concentrations of protein (Figure 2.7).
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Figure 2.7. Aggregation of R140G and wild type Hsp27 as measured by light scattering and electron microscopy. Light
scattering results are the average of triplicate wells and are representative of results obtained in three independent
experiments. The micrographs show wild type Hsp27 (left) and R140G Hsp27 (right) samples after 10 to 12 hr
incubation in the light scattering assay. Microscopy is representative of at least 12 fields imaged per grid.

Unexpectedly, even though wild type Hsp27 did not give rise to a light scattering signal, both the
wild type and R140G Hsp27 samples contained amyloid fibrils under these conditions. The
electron micrographs in Figure 2.7 show the morphology of the aggregated wild type Hsp27
(left) and R140G Hsp27 (right). The wild type protein formed short protofibrils with little
branching, while the R140G Hsp27 formed much more extensive clumps of short, branched

amyloid.
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R140G Hsp27 also formed amyloids by electron microscopy when a 3 mg/mL solution was
heated to 70 °C for ten minutes and then cooled to room temperature for 30 minutes before
gridding for electron microscopy (Figure 2.8, top right). Conversely, the wild type protein did not
exhibit amyloid formation when treated identically, and native-like oligomers could still be seen
by electron microscopy (Figure 2.8, top left and inset). However, when solutions of the protein
were fully denatured by incubating at 95 °C for ten minutes and then cooled to room
temperature for 30 minutes before gridding, short amyloid fibrils were evident in both the
R140G and wild type samples (Figure 2.8, bottom panels). Interestingly, though, the wild type
protein still contains small oligomers that resemble the native protein (bottom inset), while
R140G is depleted of native oligomers. This suggests that, while both proteins form amyloids
under these conditions, unfolded wild-type protein can refold into native-like structures while

the unfolded R140G protein preferentially forms amyloids and is entirely sequestered in fibrils.

Figure 2.8: Hsp27 forms amyloids accelerated by the pathological mutation R140G by electron microscopy. Top left,
wild type Hsp27 incubated at 70 °C; top right, R140G Hsp27 incubated at 70 °C; bottom left, wild type Hsp27 heated
to 95 °C; bottom right, R140G Hsp27 heated to 95 °C. Images are representative of at least 12 fields visualized per
grid. All images are taken at 26,000x magnification and scale bars are 200 nm.

We also observed fibrils formed by Hsp27 in the course of repeated cycles of heating and
cooling in the DSF experiment (Figure 2.9). These fibrils resemble classic amyloids, but have

different morphologies depending on the composition of the buffer used in the experiment.
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Lithium chloride is routinely included to our DSF experiments because it was empirically
determined to improve signal-to-noise and improve variability. In standard phosphate buffer,
Hsp27 forms short protofibrils similar to those that formed under the light scattering assay
conditions. However, when 50 mM lithium chloride was added, the observed amyloid fibrils

were much more extensive and appeared to be more branched.

Figure 2.9. Buffer conditions impact Hsp27 fibril morphology. Left, species observed from heating and cooling in
sodium phosphate buffer; right, species observed upon the same heating and cooling profile when 50 mM LiCl was
added.

These experiments demonstrated that both R140G and wild type Hsp27 form amyloids in vitro
and the mutant appeared to be more prone to extensive aggregation than the wild type protein.
This is an interesting result, as the observation that Hsp27 forms amyloids has not been
previously reported. Next, we wondered if the R140G mutation disrupted the native fold of the
protein. We chose to study the a-crystallin domain of Hsp27, which consists of the central 98
amino acids (residues 79-176) and forms a stable dimer in solution. R140G disrupts two inter-
protomer salt bridges that normally stabilize the dimer interface. We introduced the R140G
mutation into this core domain construct of Hsp27, measured the thermal stability by DSF, and
recorded a >’N-HSQC spectrum of the protein. Interestingly, while full-length R140G exhibited a
decreased melting temperature, the mutation did not have a large effect on thermal stability in
the context of the core domain; the wild type protein melts at 53 + 0.038 °C and the mutant
slightly higher at 54 + 0.49 °C. This is consistent with the similar thermal stabilities observed for
the wild type and R120G aB-crystallin core domains, which melt at 65 + 0.13 °C and 64 + 0.13 °C,

respectively, despite the dramatic change in stability in the context of the full length protein.

We obtained the HSQC spectra of the uniformly **N-labelled core domains, as shown in Figure

2.10, and observed no gross structural deficiencies in folding. The R140G spectrum is as disperse
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and contains most of the peaks that are present in the wild type spectrum, indicating that both
proteins are initially folded and native-like under these conditions. Consequently, the
destabilizing effect of the loss of the inter-protomer salt bridges may be due to changes in the
kinetics of protomer interactions or due to the mutation’s effects on the structure of the full-

length, oligomeric protein.
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Figure 2.10. *H,"°N-HSQC spectrum of wild type Hsp27 core domain (residues 79-176) in blue and the overlaid R140G
Hsp27 core domain in red. The R140G mutation caused significant chemical shift perturbations, but the spectrum is
disperse and most peaks are still present, suggesting that the protein is well-behaved under these conditions and
closely resembles the native fold.

2.10. R127W and S135F mutations in Hsp27 are associated with Charcot-Marie-Tooth disease

In 2004, Evgrafov et al. reported the identification of a mutation S135F in Hsp27 in a Russian
family with Charcot-Marie-Tooth disease (14). A cohort of 301 individuals with Charcot-Marie-
Tooth disease and 115 individuals with distal hereditary neuropathy were subsequently
screened for mutations in the same gene, and four additional missense mutations were

identified (R127W, R136W, T151l, and P182L; see Table 2.1). The five mutations segregated
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perfectly with disease phenotypes and were absent in 200 healthy controls (14). Some evidence
was reported that suggests the R127W and S135F mutations in Hsp27 may destabilize its
dimeric B-sandwich substructure, leading to its aggregation and gain of toxic function
phenotypes. In SH-SY5Y and HEK293 cells, the transfected Hsp27 mutants R127W or S135F
appeared to reduce the ability of the protein to form disulfide-crosslinked dimers (1). Because of
this, we wanted to examine the effect of these mutations on the structure and stability of the
core domain; specifically, we hypothesized that if the dimer stability were compromised by
these mutations (outside of the conserved hot-spot residue) then these mutants may be more

aggregation prone as well.

2.11. The R127W mutation destabilizes the core domain dimer and results in aggregation

The R127 residue is located on the loop between the 5 and B6+7 strands, and ion pairs with
H102 from the same protomer, located on the adjacent loop formed from the B3 and B4
strands. In the core domain structures, the R127 residue is solvent exposed, but the
environment of the R127 residue in the context of the full-length protein is not known;
replacement of the arginine with a tryptophan could have steric effects in the context of the full-
length oligomer in addition to the effect of the loss of a salt bridge on the stability of the core

domain.

We used site-directed mutagenesis to introduce the R127W mutation into the core domain
construct of Hsp27. By differential scanning fluorimetry, its stability was very similar to that of
the wild type core domain (53.8 + 0.04 °C versus 53.4 + 0.038 °C, respectively). However, by
HSQC it appeared that the native fold of the protein was compromised. In contrast to the R140G
Hsp27 core domain spectrum, the R127W spectrum is missing about half of its cross-peaks,
suggesting that its native fold may be very different than that of the wild type protein (Figure
2.11). Indeed, when a solution of 1 mg/mL R127W Hsp27 core domain in sodium phosphate
buffer at physiological pH was gently heated for one hour at 46 °C, extensive aggregation was
observed by electron microscopy (Figure 2.12). Conversely, grids of wild type protein did not
show appreciable aggregation. Given the rapid aggregation behavior observed for R127W core
domain, it is possible that the loss of cross-peaks in the HSQC spectrum was due to protein
aggregation during the course of the 45-minute experiment at 30 °C, though no aggregation was

observed by eye in the sample tube.
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Figure 2.11. 'H,%°N-HsQC spectrum of wild type Hsp27 core domain (residues 79-176) in blue and the overlaid R127W
mutant Hsp27 core domain in red. The mutant had fewer identifiable peaks, suggesting disruption of the core
structure.

Figure 2.12. Aggregates formed from R127W core domain after one hour of incubation at 46 °C. Grids of wild type
Hsp27 core domain did not show aggregates under these conditions (data not shown).

2.12. The S135F mutation destabilizes the core domain dimer and results in aggregation
The mutant S135F, which is also associated with Charcot-Marie-Tooth disease and distal
hereditary peripheral neuropathy, was also reported to reduce the ability of the protein to form

disulfide-crosslinked dimers in SH-SY5Y and HEK293 cells (1). The S135 residue is located within

54



the B6+7 strand that forms the antiparallel dimer interface of Hsp27. Its side chain forms a
hydrogen bond with a backbone carbonyl group across the dimer interface, presumably
contributing to the stability of the dimer. Mutation of this serine to a phenylalanine would be
expected to disrupt this hydrogen bond interaction and also to contribute steric bulk to the

dimer interface, which could account for increased monomerization of this mutant.

Unlike R127W, introduction of the S135F mutation did result in a decreased thermal stability of
48.8 + 0.56 °C relative to 53.4 + 0.038 °C for the wild type core domain. This mutation was
accompanied by even more dramatic changes to the HSQC spectrum of the protein (Figure
2.13), with loss of >50% of the cross-peaks and reduced dispersion of the amide resonances,

suggesting a dramatic alteration to the native fold of the protein.
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Figure 2.13. 'H,%°N-HsQC spectrum of wild type Hsp27 core domain (residues 79-176) in blue and the overlaid S135F
mutant Hsp27 core domain in red. The mutation causes dramatic disruption of the core structure.

Interestingly, S135F also increases the aggregation propensity of the core a-crystallin domain,

decreasing lag time. Samples of each protein were incubated at 46 °C and light scattering was
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monitored at 350 nm (Figure 2.14). The core domain containing the mutation R140G is included

for comparison; both aggregate more quickly than the wild type protein.
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Figure 2.14. The S135F Hsp27 core domain aggregates more quickly than the wild type protein and slightly faster than
R140G mutant. Results are the average of triplicate wells and represent two independent experiments, and error
shown is standard error.

This suggests that the R127W and S135F mutations destabilize the core domain of Hsp27,
resulting in protein aggregation. These mutations may also cause protein aggregation in
diseased neurons, contributing to gain-of-toxic function pathology in Charcot-Marie-Tooth
disease and distal hereditary peripheral neuropathy. Together, this leads to a model in which
mutation of key residues along the dimer interface of sHsps, including the hot spot residues,

contribute to gain-of-toxic function protein aggregation diseases.

2.13. Conclusions and future work

2.13.1. Model for sHsp aggregation and amyloid formation

We have shown that the hot spot mutations R120G in aB-crystallin and R140G in Hsp27 increase
the aggregation propensity of small heat shock proteins. Additionally, the peripheral neuropathy
associated mutations R127W and S135F alter the native tertiary structure of the protein and
result in accelerated protein aggregation. Each of these mutations appear to compromise the
stability of the dimer interface, leading to a model in which sHsp monomers may misfold and
form ordered, B-sheet rich amyloid fibrils. For the hot spot residues, the loss of two inter-
protomer salt bridges destabilizes the dimer; for S135F, it is the loss of two inter-protomer
hydrogen bonds. A molecular rationalization for the effect of the R127W mutation is less
obvious, but it is clearly destabilizing in the context of the dimer and favors aggregation.
Together, these results suggest that mutations in sHsps cause amyloid formation and gain-of-
function toxicity; these results are supported by observations from cell culture and patient

samples in the literature.

56



2.13.2. Additional evidence that mutant sHsps cause gain-of-function aggregation diseases
We presented evidence that R120G aB-crystallin forms amyloids in vitro. Studies from the
literature suggest that it also aggregates in cells, and that this is a key component of the disease
pathology in both cataracts and desmin-related myopathy (17-21). Most compellingly, an R120G
mouse model exhibits Congo red positive staining patterns in cardiomyocytes, evidence of
amyloid deposition (18, 46), and recovers fully when expression of the mutant protein is halted
(2, 18). While R140G Hsp27 has not been studied in cells or in vivo, the other ‘hot spot’
mutations in aA-crystallin and Hsp22 have been shown to aggregate in physiological contexts. In
knock-in mice expressing human, mutant R116C aA-crystallin, immunohistochemical staining
indicated that the protein was distributed in a granular, punctate pattern in the lens (47, 48).
R116C aA-crystallin partitioned into the insoluble fraction of lysate from human lens epithelial
cells and eluted in the void volume of a size exclusion chromatography column (48, 49). All of
these studies suggest that R116C aA-crystallin is prone to aggregation, which may account for its
role in hereditary cataracts. Moreover, R116C aA-crystallin interacts more tightly than the wild
type protein with Hsp27 and with aB-crystallin, suggesting that aggregates of R116C might
sequester Hsp27 and aB-crystallin, exacerbating the phenotype (38). Lastly, the K141E and
K141N mutant proteins also appear to aggregate in peripheral neuropathy (13). Cells expressing
these mutations exhibited a greater tendency to form inclusion bodies containing Hsp22 (13,
50), and patient derived fibroblasts from individuals carrying these mutations also contained
increased numbers of aggresomes or inclusion bodies (51). In addition to the studies presented
here, this body of evidence suggests that in these diseases sHsp mutations cause gain-of-toxic

function protein aggregation.

It is important to also discuss evidence linking some sHsps mutations to loss-of-function. First,
though most sHsp mutations are autosomal dominant, there are a few examples of autosomal
recessive disease (L99M in Hsp27, R54C in aA-crystallin) (15, 32). Phenotypes associated with
loss-of-function diseases are typically recessive, suggesting that a few of the sHSP mutations
may be loss-of-function disorders. However, the majority of diseases linked to sHsp mutations
are dominantly inherited. Although this observation could support a gain-of-function
phenotype, it is also consistent with haploinsufficiency (32). In the absence of a molecular

understanding of disease etiology, haploinsufficiency is indistinguishable from a dominant
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negative phenotype. But, in at least some cases, the mutant small heat shock proteins recruit
and co-aggregate with wild-type protein (e.g. R12C, R21L, R21W, R49C, R54C, R116C, and R116H
aA-crystallin (22), R120G aB-crystallin (52), and P182L Hsp27 (53)), supporting that these
mutations are dominant negative in character. Together, these studies and our own suggest that
some sHsp mutations cause gain-of-function pathology. A few research groups in the field are
beginning to recognize this possibility (32). Still, the possibility that these proteins form ordered

amyloids is still underappreciated.

2.13.3. The potential use of pharmacological chaperones to recover mutant pathologies

Point mutations in sHsps appear to destabilize the native fold of the proteins and result in gain-
of-toxic function aggregation. Thus, potential treatments for these sHsp-associated diseases
might recover the stability of the native fold, preventing or reversing the aggregation process.
Molecules that act in this matter are known as pharmacological chaperones, because they work
in protein folding analogous to help maintain normal folding and proteostasis analogously to
molecular chaperones. In order to test this concept, we wanted to identify ligands that bind to
native sHsps and evaluate their utility as pharmacological chaperones. Chapters 3 and 4 describe

our efforts to do so for aB-crystallin and Hsp27, respectively.

2.14. Experimental Procedures

2.14.1. QuikChange mutagenesis.

Mutants were introduced using an adapted site-directed mutagenesis protocol (Stratagene, La
Jolla, CA) and PfuUltra DNA polymerase (Agilent). Briefly, primers were designed containing five
to seven bases of the wild type sequence, followed by the mutated codon, and eight to ten
bases of the wild type sequence. Separate reactions were initiated with the forward and reverse
primers for six cycles of PCR amplification, and then the reactions were combined and the

remaining ten cycles were completed. Products were confirmed by sequencing.

2.14.2. Purification of Hsp27c or aB-crystallin core domain

This purification method was adapted from protocols kindly provided by the Klevit laboratory.
Terrific broth was inoculated with fresh overnight cultures of BL21 (DE3) cells containing the
plasmids. Cultures were grown at 37 °C with shaking at 150 rpm for 4-5 hours, to an ODgg of ~1.

After cooling to room temperature for about one hour, cultures were induced with 1 mL of 1 M
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IPTG (a final concentration of 1 mM). Lower concentrations of IPTG resulted in poor expression
levels. Cultures were allowed to induce overnight at room temperature for about 18 hours, cells
were harvested by centrifugation 4000 rpm for 10 min and pellets were stored at -80 °C until
ready to purify. To lyse the cells, pellets were first suspended in 30 mL of lysis buffer per liter of
cells using vortexing and pipetting. Lysis buffer contained 20 mM Tris, 100 mM NaCl, 10 mM
EDTA, pH 8.0, and Roche Complete protease inhibitor (one mini tablet per 100 mL of buffer).
The cells were lysed by two passes of microfluidization or 5 x 30 sec of sonication. The lysate
was clarified by centrifugation at 15,000 rpm for 30 min, the supernatant was decanted, and
PMSF was added to a final concentration of 300 uM. The protein was then subjected to a two-
step ammonium sulfate precipitation as follows: Ammonium sulfate was slowly added to a final
concentration of 16.9 (w/v)%. The salt was allowed to dissolve completely and the mixture was
allowed to stir for an additional ten minutes at room temperature. The resulting mixture was
centrifuged at 15,000 rpm for 30 minutes, the supernatant was decanted, and an additional 16.9
(w/v)% ammonium sulfate was added to the supernatant. After stirring for ten minutes at room
temperature, the resulting mixture was again centrifuged at 15,000 rpm for 30 minutes,
resulting in precipitation of the sHsp protein in the pellet. Pellets were resuspended into MonoQ
buffer A (20 mM Tris, pH 8.0) and dialyzed into 4 L of buffer A overnight. Protein was purified by
MonoQ anion exchange chromatography with a gradient of 0 to 1 M NaCl over 20 column
volumes. The wild-type proteins eluted at around 150 mM NaCl. Fractions containing protein
were pooled and concentrated, then subjected to size exclusion chromatography using a

SuperDex75 column in 50 mM NaPi, pH 7.5, 100 mM NacCl.
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Figure 2.15: Purified core domain and full length constructs.

2.14.3. Purification of full length Hsp27 and R140G Hsp27

Hsp27 lacking an affinity tag was used for these experiments. Cells were expressed in terrific
broth as described above, except cultures were induced with 500 uL of 1 M IPTG (final 500 uM)
and cultures were induced at 18°C instead of room temperature. Lysis buffer contained 50 mM
Tris HCI pH 8.0, 10 mM MgCl,, 1 mM NacCl, and 1 mM EDTA. Size exclusion chromatography was

performed on a SuperDex 200 column in 25 mM NaPi pH 7.5, 160 mM NaCl, and 0.5 mM EDTA.

2.14.4. Purification of His-tagged aB-crystallin and R120G aB-crystallin

Hexahistidine-tagged aB-crystallin and R120G aB-crystallin were expressed in lysogeny broth or
terrific broth as described above. The cells were lysed in 20 mM Tris pH 8.0, 100 mM NacCl, 6 M
urea, 5 mM B-mercaptoethanol, and 15 mM imidazole. After centrifugation, the supernatant
was loaded onto Ni-NTA resin (10 mL per liter of culture) and washed with ten column volumes
of buffer containing 20 mM Tris pH 8.0, 100 mM NaCl, 6 M urea, 5 mM B-mercaptoethanol, and
30 mM imidazole. Proteins were eluted with buffer containing 20 mM Tris pH 8.0, 100 mM NaCl,
6 M urea, 5 mM B-mercaptoethanol and 150 mM imidazole. EDTA was then added to 5 mM, and
the concentrated protein was refolded portion-wise by size exclusion chromatography on a

SuperDex 200 10/30 column in 20 mM sodium phosphate pH 7.2, 100 mM NacCl.
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2.14.5. Electron microscopy

Proteins were applied to glow-discharged Formvar/carbon 300-mesh copper grids (Electron
Microscopy Sciences) and stained with 2% uranyl formate. Grids were visualized on a Phillips
CM-100 transmission electron microscope at an accelerating voltage of 80 kV with magnification
settings ranging from 10,500-92,000x (University of Michigan), or a Fei Technai T20
transmission electron microscope at an accelerating voltage of 200 kV with magnification from
11,000-21,000x (UCSF). Shown are representative images and at least 12 random fields were

imaged per treatment condition. Typically, at least two grids were prepared for each condition.

2.14.6. Light scattering assay of protein aggregation

Light scattering assays were carried out in 384-well clear bottom plates in a SpectraMax 3000
plate reader. Protein concentration was determined by BCA and proteins were centrifuged at
13,200x rpm for 10 minutes prior to initiation of the assay. Each well contained 100 puL final well
volume containing 0.5-3 mg/mL protein in buffer containing 20 mM sodium phosphate pH 7.2,
100 mM NaCl, and 5 mM DTT. Plates were centrifuged to remove air bubbles and read every

two minutes with shaking between each read for 5 sec.

2.14.7. Thermal stability measurements

DSF experiments were performed in a BioRad CFX384 RT-PCR thermocycler. A temperature
gradient of 25 — 85 °C ramping at 1°C/1 min was used for melting curves. For all proteins
described here, solutions were heated to each given temperature for 130 sec, cooled to 25°C for
15 sec, and the fluorescence was read before heating the solution to the next incremental
temperature (“up/down mode”). Fluorescence readings were taken using the FRET channel.
Protein solutions contained 0.2-0.4 mg/mL protein (calculated for monomer) in 20 mM NaPi pH
7.5, 100 mM NaCl, 5 mM DTT, and 5x SYPRO Orange Dye (Invitrogen). Curves were fit using a

Boltzmann equation (GraphPad Prism version 6).

2.14.8. HSQC NMR
HSQC spectra were acquired at 30 °C on a Bruker DRX500 with a QCI Z-axis gradient Cryoprobe,
running Topspin version 1.3. Spectra were acquired on samples containing 150-200 uM Hsp27

core domain in 50 mM NaPi, pH 7.5, 100 mM NaCl at 30°C. 256 scans were acquired per t; value
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and spectral widths of 1500 Hz and 9615 Hz were used in the 'H and N dimensions,
respectively. Processing and spectral visualization was performed using rNMR (54) and Sparky

(55).

2.15. Notes
The Klevit laboratory kindly provided the constructs and purification protocols for the full length
Hsp27, Hsp27 core domain, aB-crystallin core domain, and R120G aB-crystallin core domain.

The construct for Hsp22 was a kind gift from Jean-Marc Fontaine.
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Chapter 3
Pharmacological Rescue of an Aggregation-Prone Small Heat Shock

Protein in a Cataract Model

3.1. Abstract

Cataracts reduce vision in 50% of individuals over 70 years of age and are a common form of
blindness worldwide (1). The transparency of the lens is maintained throughout an individual’s
lifetime by lens crystallin proteins, including the small heat shock protein aB-crystallin. Cataracts
are caused when damage to crystallins, including aB-crystallin, causes their misfolding and
aggregation into insoluble amyloids. In this chapter, we describe our application of high-
throughput differential scanning fluorimetry to identify molecules that bind aB-crystallin and
reverse its aggregation in vitro. The most promising compound improved lens transparency in an
R120G aB-crystallin mouse model of hereditary cataract and reversed aging-associated cataracts
in the human lens. These findings suggest an approach to treating cataracts by stabilizing aB-
crystallin and represent the first attempt to develop a small molecule therapeutic targeting a

small heat shock protein.

3.2. Introduction

aA-crystallin (HSPB4) and aB-crystallin (HSPB5) belong to a family of small heat shock proteins
(sHSPs) that contain a conserved crystallin domain (2, 3). Together, aA- and aB-crystallin
comprise 30% of the protein content of the eye lens, where they are responsible for maintaining
lens transparency (3). In the nucleus of the lens, crystallins are only expressed during fetal
development. Mature lens fiber cells exhibit no protein turnover, and so damage to lens
crystallins accumulates over the lifetime of an individual (4). Accumulated damage to these
proteins can lead to their misfolding, assembly into amyloid-like insoluble fibrils and age-
associated cataracts (3, 5-7). Similarly, heritable mutations in aB-crystallin, such as R120G, cause

hereditary forms of cataract with early onset (8). The R120G mutation abrogates two
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interactions that normally help define the interface of aB-crystallin dimers (Figure 3.1). Thus,
one potential way to treat cataracts would be to identify molecules that bind and stabilize

crystallins, favoring the more soluble forms (9).

R120 - D109
salt bridge

PDB 2WJ7

D109

Figure 3.1. Crystal structure (PDB 2WJ7, 2.63A) of the R120G aB-crystallin core domain, residues 67-157. An arginine
at position 120 forms a salt bridge across the dimer interface with aspartic acid at position 109. Mutation of the
arginine to a glycine results in disruption of two inter-dimer salt bridges.

3.3. Pharmacological chaperones for canonically undruggable proteins

Pharmacological chaperones (PCs) are small molecules that thermodynamically or kinetically
stabilize the native state of a protein (10). A PC has been approved for clinical use in the
treatment of transthyretin amyloidosis (11) and other PCs are being explored in late-stage
clinical trials for use in treating a number of other misfolding diseases, such as Gaucher disease
(12) and Anderson-Fabry disease (13). In the current work, we wanted to identify PCs that
stabilize the soluble forms of aB-crystallin and inhibit its aggregation. However, unlike previous
targets for PC development, aB-crystallin lacks enzymatic activity. Enzymes tend to be more
straightforward targets for this type of strategy because the natural substrate can often serve as
a starting point for drug design (12). Also, the enzymatic activity of the target is a convenient
and relevant readout in unbiased high-throughput chemical screens (HTS), when a native ligand
is not available (11). Because aB-crystallin lacks enzymatic activity and doesn’t have known
ligands, it falls into a family of disease-causing proteins, including tau, myocilin, a-synuclein and

huntingtin, that are typically considered to be “undruggable” (14, 15).

3.4. Differential scanning fluorimetry as a discovery tool for pharmacological chaperones
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We asked whether differential scanning fluorimetry (DSF) might provide a way to circumvent
some of these challenges. This technique was introduced in Chapter 1 (1.9) as a strategy for
screening non-enzymatic targets. In a typical DSF experiment, the apparent melting transition
(Tm) of the protein target is measured in the absence and presence of potential ligands (16).
Binding of a ligand usually adds free energy to the state that it binds, which shifts the apparent
T (Figure 1.5). This method has been employed for decades in low throughput biochemical
studies; however, it has only recently been developed for high throughput experiments (15, 17-
19). We first purified recombinant human R120G aB-crystallin and wild type aB-crystallin and

confirmed that both proteins were soluble and well behaved in solution (Figure 3.2).
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Figure 3.2. Recombinant wild type and R120G aB-crystallin (cryAB) form large, polydisperse oligomers by size-
exclusion chromatography and negative stain electron microscopy, in agreement with literature characterization (20).

Upon gentle heating, R120G aB-crystallin formed amyloids more readily than wild type aB-
crystallin, as measured by light scattering and electron microscopy (EM) (Figure 3.3). Because
amyloids are relatively heat-resistant structures, we suspected that samples of R120G aB-
crystallin might be more difficult to melt in the DSF platform. To investigate this possibility,
R120G aB-crystallin and wild type aB-crystallin were heated in the ThermoFluor® DSF platform.
Consistent with the model, the apparent T,, of wild type aB-crystallin was 64.1 + 0.5 °C, whereas
the T, of the R120G aB-crystallin mutant was 68.3 + 0.2 °C (Figure 3.3). Based on these
observations, we hypothesized that molecules able to reduce the apparent T,, of R120G aB-

crystallin might be good candidates for suppressing its aggregation.
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Figure 3.3. R120G aB-crystallin readily aggregates upon heating to form amyloid fibrils, while wild type protein
remains soluble and transparent. In the differential scanning fluorimetry platform, R120G aB-crystallin melts at a
higher temperature than the wild type protein.

For the pilot screens, we used the model human sHSP, Hsp27 (HSPB1). Hsp27 was used because
it retains the highly conserved crystallin domain found in all sHSPs and because it produces a
well-behaved, relatively high melting transition (T,, = 72 °C by differential scanning fluorimetry,
variable temperature circular dichroism, and differential scanning calorimetry). Using Hsp27, we
developed a robust and reproducible DSF protocol, with Z’ factor values between 0.5 and 0.8
and an average coefficient of variation (CV) of 8% at a final volume of only 7 uL. Accordingly, we
screened ~2,450 compounds from the MS2000 and NCC collections of known bioactive
molecules in 384-well plates at a screening concentration between 20 and 40 uM. The primary
screen identified 45 compounds (1.8%) that decreased the apparent T,, by at least three
standard deviations (* 0.6 °C) (Figure 3.4). All 45 of these “actives” were explored in dose
dependence experiments and we found that 32 (71%; 1.3% overall) decreased the T,, at
concentrations less than 20 uM. Strikingly, twelve of the 32 confirmed actives belonged to a

single class of related sterols, so we selected this scaffold for further investigation.
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Figure 3.4. Summary of DSF screen against Hsp27. The structures of three active sterols are shown.

To test whether the sterols also had activity against R120G aB-crystallin, we collected 64
analogs with chemical structures related to sterol 1 and screened them against R120G aB-
crystallin using the DSF procedure. Two compounds (28; 5a-cholestan-3b-ol-6-one and 29; 5-
cholesten-3b,25-diol (Figure 3.5)) were at least 2- to 3-fold more potent than sterol 1, reducing
the apparent T,, of R120G aB-crystallin by at least 2 °C. Compounds 28 and 29 also partially
recovered normal melting behavior in R120G aB-crystallin samples, such that they resembled
that of the more soluble, wild type aB-crystallin (Figure 3.6). Many of the other closely related

sterols were inactive (e.g. compound 16 (Figure 3.5)) suggesting a specific interaction.

Tm (% recovery vs. wild type)
compound 100 uM 25 uM
28 83 + 29% 32+ 14%
29 56 +7.6% 31+6.3%
16 -3.4+2.5% -1.1+3.1%

Figure 3.5. Structures of compounds 28, 29, and negative control 16 and associated percent recoveries in Ty,.
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Figure 3.6. Compounds 28 and 29, but not the control compound 16, bound to the protein and recovered the T,, of
R120G aB-crystallin. Results are the average of at least triplicates and error is SEM.

To confirm the direct interaction of compound 29 with R120G aB-crystallin, we used biolayer
interferometry (BLI) to determine that it binds with a Kp of 10.1 + 4.4 uM (Figure 3.7), while

compound 16 did not detectably bind up to 50 uM.
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Figure 3.7. Binding of compound 29 to immobilized R120G aB-crystallin by BLI. Raw plots (left) and analysis of the
binding at equilibrium (right) are shown. Results are representative of experiments performed in duplicate.

To examine where on R120G aB-crystallin this interaction takes place, we used 'H, ®N-HSQC
NMR experiments to show that compound 29, but not compound 16, bound to the crystallin
domain at the dimer interface (Figure 3.8). These results suggest that it might help stabilize the
interface that is disrupted by the R120G mutation. Indeed, a docked model of compound 29
bound to the aB-crystallin core domain dimer (PDB 2WJ7) makes productive interactions with
backbone amides in both protomers in the dimer (Figure 3.9); the C-3 hydroxyl hydrogen bonds

with the N-terminus of one protomer and the C-25 hydroxyl hydrogen bonds with the backbone
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carbonyl of an aspartic acid residue at position 80 in the other protomer. The N-terminal
methionine is replaced with a serine residue in the context of the full-length protein, which may

fulfill the hydrogen bond with the C-3 hydroxyl.

dimer
interface
*

119.0

e 2
e &4
P :o"x.)“).
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Figure 3.8. Compound 29 binds the dimer interface of R120G aB-crystallin. HSQC NMR titrations were performed on
the "N-labelled crystallin domain of cryAB. Residues that underwent a significant chemical shift perturbation (>15 Hz)
are shown in red. These residues clustered around the dimer interface. CSP: (AHN2 + A15N2)1/2. Compound 16 did not
perturb residues with CSP >15 Hz.

Figure 3.9. Docked model of compound 29 in the cleft bridging the aB-crystallin dimer interface. The compound
makes interactions with both protomers, bridging the dimer. Surface areas of negative and positive charge are
indicated in red and blue, respectively.

3.5. Compound 29 can prevent and reverse amyloid formation in vitro
To test whether compounds from our screening campaign might reduce amyloid formation in

vitro, recombinant R120G aB-crystallin (15 uM) was treated with compounds 29 or 16 (100 uM)
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and the extent of aggregation was examined by electron microscopy (EM). These studies
confirmed that compound 29, but not 16 or the vehicle control, dramatically suppressed
amyloid formation when added prior to the initiation of aggregation (Figure 3.10). To test
whether 29 might also have an effect on pre-formed aggregates, we generated R120G aB-
crystallin amyloids and treated them with compounds 29 or 16. Again, compound 29, but not
16, was able to reverse amyloid formation (Figure 3.10). The reversal took approximately two
days, suggesting a slow equilibrium between the fibrillar amyloid and the soluble forms of aB-
crystallin. To quantify these anti-aggregation activities, we again treated R120G aB-crystallin
with 29 or 16, removed the insoluble material by centrifugation and measured the amount of
remaining soluble protein using BCA assays. Consistent with the EM results, compound 29, but
not 16 or the vehicle control, significantly improved the solubility of aB-crystallin when added
either before or after aggregation (Figure 3.10). Together, these results show that compound 29

can block aggregation and reverse R120G aB-crystallin insolubility in vitro.
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Figure 3.10. Purified R120G aB-crystallin (20 uM) was treated with compound 29 (100 uM), 16 (100 uM) or a DMSO
control (1%) and then aggregated at ambient temperature with shaking for 30 minutes for the aggregation study. For
the disaggregation study, amyloid fibrils were formed using the conditions above (40 uM) and then the samples were
treated with 100 uM compound. Aliquots were visualized at 44 hours after treatment. Samples were visualized by
electron microscopy and then centrifuged to remove insoluble material. The remaining soluble R120G aB-crystallin
was assessed by absorbance at 280 nm. Results are the average of independent triplicates and the error bars
represent SEM. Electron micrographs are representative of independent triplicates. Scale bar is 1 um.

3.6. Compound 29 can reverse aggregation in vivo in R120G knock-in mice and ex vivo in
human cataract tissue

The R120G aB-crystallin knock-in mouse develops severe age-associated cataracts, with 100%
showing lens opacities by 20 weeks of age (21). To test whether compound 29 can reverse this

process, it was delivered to the right eye of R120G aB-crystallin knock-in mice (aged 20 weeks)

73



from a 5 mM cyclodextrin solution via eye-dropper three times per week for two weeks. Treated
eyes had a greater number of clear areas when observed by slit lamp biomicroscopy (Figure
3.11). In the heterozygous R120G aB-crystallin +/- mice, 25 of 30 mice (83%) had improved
transparency in the treated lenses, while 6 of 7 (86%) of the homozygous R120G aB-crystallin -/-
mice were improved. Compound 16 (5 mM) had no significant effect on lens transparency in
three treated R120G aB-crystallin -/- animals, consistent with the results of the in vitro studies.
To test whether compound 29 could restore crystallin solubility, we separated the soluble and
insoluble fractions from the eye lens by centrifugation and measured the amount of crystallins
(a, B and y) by gel permeation chromatography (GPC). We found that compound 29 dramatically
improved the solubility of all the a-crystallins by 63% (Figure 3.12). To verify this finding using a
different method, we measured the total amount of water-soluble protein in a subset of the
treated lenses by BCA assays. Although cataracts and the amount of total insoluble lens protein
are only indirectly related (2), an improvement in overall protein solubility might be expected
for compounds that have a particularly striking anti-aggregation activity. We found that

compound 29 increased the ratio of soluble to total protein by 16 + 5% (Figure 3.12).
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Figure 3.11. Representative image from animals treated in the right eye with compound 29 (1 drop of 5 mM
cyclodextrin solution) and in the left eye with vehicle three times per week for 2 weeks. Treated animals were scored
using slit lamp biomicroscopy, images were quantified using ImageJ, and the percent of animals that had improved
transparency was quantified. Compound 29 improved transparency in homozygous, heterozygous and aged, wild type
mice.

Hereditary cataracts are relatively rare in humans, so we next wanted to explore whether
compound 29 might have an effect on the more prevalent, age-related cataracts. Three
C57BL/6J wild type mice (aged 233 days) with spontaneous opacities were treated with
compound 29 by eye-dropper for two weeks and then examined by slit lamp biomicroscopy. We
found that compound 29, but not vehicle control, improved transparency in two of the three
mice (Figure 3.10). Finally, we collected lens material from human patients (aged 70 to 80 years)

and treated with either vehicle or compound 29 for six days. Compound 29, but not the vehicle,
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significantly improved the ratio of soluble protein by 21 + 13%, as assessed by BCA assays
(Figure 3.11). Thus, compound 29 may be a promising lead towards the non-surgical treatment

of both hereditary and age-associated cataracts.
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Figure 3.12. Treatment with compound 29 improves the solubility of a, B, and y-crystallins in mouse lenses as
measured by gel permeation chromatography. Compound 29 improves total protein solubility in mouse and human
lenses as measured by BCA.

3.7. Conclusions and outlook

The R120G mutation abrogates two salt bridges that normally contribute to the stability of the
dimer interface, resulting in a dramatically increased propensity to aggregate into amyloid
fibrils. As discussed in Chapter 2, one model for the effect of this mutation is that it decreases
the stability of the dimer interface, resulting in an increased proportion of free monomer, which

is intrinsically unstable and rapidly forms amyloids (Figure 3.13).
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Figure 3.13. Model for the action of compound 29 as a pharmacological chaperone.
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Ligand binding across this interaction surface appears to restore native-like stability to the
dimer, preventing its dissociation to unstable monomer and preventing its subsequent
aggregation. Likewise, compound 29 binding also appears to favor reversal of the aggregation
process. This suggests that monomers can slowly dissociate from fibrils and re-form soluble
dimers with the added stability of ligand binding. Together, this model suggests that compound
29 is the first pharmacological chaperone (PC) for aB-crystallin. These findings suggest that DSF-
based HTS campaigns might be used to identify PCs with activity against other “undruggable”

targets.

3.8. Experimental Procedures

3.8.1. Protein purification

N-terminal hexahistidine-tagged human heat shock protein 27 (HisgHsp27) was expressed in
Escherichia coli BL21 cells using the pET 28b vector. Human, wild-type aB-crystallin and R120G
aB-crystallin were purified in E. coli Rosetta cells using the pMCSG7 vector. Cultures of
transformed cells were grown to an optical density of 0.8 AU at 600 nm in lysogeny broth media
supplemented with 50 pg/mL kanamycin (pET 28b) or ampicillin (pMCSG7) at 37 °C. Cultures
were induced with 500 uM IPTG and incubated at 30 °C for 8 to 16 hours. After incubation, cells
were harvested by centrifugation and suspended in 1/25 culture volume of lysis buffer (20 mM
Tris pH 8.0, 100 mM NaCl, 6 M urea, 5 mM B-mercaptoethanol, 15 mM imidazole). The
suspension was sonicated on ice and insoluble material removed by centrifugation. The
supernatant was loaded onto Ni-NTA resin (10 mL/L culture volume) and washed with 10
column volumes of wash buffer (lysis buffer containing 30 mM imidazole). The proteins were
eluted with elution buffer (lysis buffer with 150 mM imidazole) and the fractions containing
protein were pooled. EDTA was added to 5 mM, and the unfolded protein was concentrated to
~20 mg/mL in 10 kDa MWCO Amicon centrifugal filter units. The proteins were refolded by
injecting 1 mL samples of concentrated protein onto a Superdex 200 HR 10/30 column
equilibrated with refolding buffer (20 mM sodium phosphate, pH 7.2, 100 mM NaCl) at room
temperature. The refolded protein eluted as an oligomer (~24-mer) with a diameter of ~165 A,
consistent with previous literature values (22). Protein was concentrated to ~10 mg/mL before
flash freezing and storing at -80 °C. The melting temperature (T.,) of Hsp27 by both circular

dichroism and differential scanning calorimetry was 72°.
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3.8.2. High throughput DSF screen

The screen was performed using a Thermofluor® instrument (a generous gift from Johnson &
Johnson) in Abgene black 384-well PCR plates. Each well received 7 pL of 10 uM Hsp27 in 50 mM
NaPOQ,, pH 7.4, 700 mM NaCl, 50 mM LiCl, and 100 uM 1,8-ANS, with test compounds added via
pin tool (200 nL) to achieve final concentrations between 20 to 40 uM (1% DMSO). The chemical
library was composed of the Spectrum MS2000 and NCC collections of known bioactives.
Reactions were covered with silicon oil to limit evaporation. The plates were measured in
up/down mode, which was empirically determined to give better signal-to-noise than the
continuous ramp mode. Plates were heated from 65 °C to 80 °C in 1 °C increments, equilibrated
for 130 seconds at each high temperature, cooled to 25 °C, and held for 10 sec at 25 °C prior to
imaging with a single 10 second exposure for each temperature reading. Plate uniformity tests
measured the T, of Hsp27 at 72.3 + 0.16 °C. The Z factor was calculated to vary between ~0.59
and 0.71 and the CVs were 8%. Treatments that reduced the apparent T, by 3 standard
deviations were considered actives. For aB-crystallin and R120G aB-crystallin differential
scanning fluorimetry experiments, a similar protocol was used, but the buffer contained 50 mM
NaPO,; pH 7.4, 350 mM NaCl, 25 mM LiCl, and 100 uM 1,8-ANS. In all cases buffers were

empirically optimized to give the best melting curve shape and signal to noise.

3.8.3. HTS data analysis

The output of the differential scanning fluorimetry assay is a set of fluorescence intensities at
increasing temperatures for each well. We found that a single curve-fitting algorithm will
occasionally misidentify the T, for a well. Accordingly, we minimized this problem by applying
three distinct data fitting routines to the same data and using the resulting T,, values as pseudo-
replicates. Two curve fitting routines were performed using the ThermoFluor® analysis software
(version 1.3.7): a sigmoidal curve fit option was used with non-constant y-upper and y-lower
slopes and constant dCp = 2500, and a derivative curve fit with a polynomial degree = 2 and
filter points = 3. The third method used a non-linear least squares regression to fit a version of
the Hill equation that allows for non-horizontal, parallel baselines. The three curve-fitting
methods were used to analyze each melting curve, and wells were scored based on how closely
the three fits agreed. Hit wells were then visually inspected as well, since the size of the library

screened was relatively small.
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3.8.4. Light scattering assay of protein aggregation

Purified recombinant wild type or R120G aB-crystallin was thawed on ice and diluted to 10 uM
in 50 mM Na,P0O, pH 7.4, 350 mM NaCl, and 25 mM LiCl (differential scanning fluorimetry
buffer). The protein was heated in a thermocycler for 130 seconds to each temperature point,
then 25ul was transferred to a 384-well clear bottom plate and the absorbance at 500 nm was

measured using a SpectraMax M5 microplate reader.

3.8.5. Electron microscopy

Purified recombinant R120G aB-crystallin was thawed on ice, diluted to 15 uM and treated with
either solvent (1% DMSO) or 100 uM compound 29, then incubated for 30 min at ambient
temperature before applying to glow-discharged Formvar/carbon 300-mesh copper grids
(Electron Microscopy Sciences) and staining with 2% uranyl formate. Grids were visualized on a
Phillips CM-100 transmission electron microscope at an accelerating voltage of 80 kV with
magnification settings ranging from 10500-92000x. Shown are representative images and at
least 12 random fields were imaged per treatment condition. Scale bars represent 1 pum.
Disaggregation experiments were performed similarly. R120G aB-crystallin was incubated at
ambient temperature for 30 minutes and then a sample of this solution was visualized by EM to
ensure fibril formation. The aggregated aB-crystallin was treated with either solvent (1% DMSQO)
or compound 29 (100 uM) and incubated an additional 44 hours at ambient temperature. No
change in amyloid structure or prevalence was observed in the vehicle control between the 44

hour and 30 minute time points.

3.8.6. Binding to aB-crystallin by biolayer interference (BLI)

R120G aB-crystallin (100 pL of 2.2 mg/mL) was reacted with a twenty fold excess of NHS-PEG,-
biotin (Thermo Scientific) in DMSO for two hours at 4 °C with gentle rocking. The excess
biotinylation reagent was then removed by dialysis against phosphate buffer (20 mM Na,PO, pH
7.2, 100 mM NacCl) at 4 °C for 20 hours. To measure the affinity of compounds for this protein,
the biotinylated R120G aB-crystallin was then immobilized on super-streptavidin pins (ForteBio)
as follows: pins were first equilibrated in phosphate buffer for ~10 min before moving them to
wells containing either 200 pL 150 pg/mL biotinylated Hisg-R120G aB-crystallin or 200 uL 100
pg/mL biocytin for 60 min. The pins were washed in buffer for 5 min, free streptavidin sites were

qguenched with 100 pg/mL biocytin for 10 min, and the pins were washed again for at least 5 min
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prior to beginning an experiment. All immobilization steps were carried out on-line on a
ForteBio Octet Red96 instrument with 1000 rpm rotary shaking throughout. Approximately 7
nm of biolayer interference shift was consistently obtained from R120G aB-crystallin
immobilization under these conditions. For each experiment, compounds were first diluted into
phosphate buffer and the final DMSO concentration was held constant at 1%. Compounds were
incubated with the pin surface for 5 min and tested from high to low concentration and then the
experiments repeated from low to high concentration. Between experiments, pins were stored
in phosphate buffer at 4 °C, and 50 uM compound 29 was used as a positive control at the
beginning of each experiment to ensure the quality of the surface. Binding data was analyzed
using the ForteBio software, version 7.0. Binding curves were aligned to the association phase
from 0.2-0.4 s and either a matched concentration, biocytin-blocked pin response or a DMSO-
only. The R120G aB-crystallin-pin response was subtracted for each compound concentration to
correct for drift and bulk solvent effects. The association response from 290-300 sec was
averaged for each binding curve and used to estimate the equilibrium binding affinity. Data
were fit in GraphPad Prism, version 5.04, using a one-site specific binding model. The weighted
mean and weighted standard deviation of the apparent K4 values across multiple experiments

was calculated using

n Xi
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3.8.7. NMR

N-R120G aB-crystallin a-crystallin domain (ACD) was expressed and purified as described
previously (23). Resonances in R120G-ACD have been assigned by standard NMR techniques.
HSQC spectra were acquired on a Bruker Avance Ill 500 MHz spectrometer equipped with a
triple resonance, z-axis gradient probe. 10 mM stock solutions of compounds 29 and 16 were
made in deuterated DMSO. Spectra were acquired on a sample containing 100 uM R120G-ACD
and either 1 mM compound 29 or compound 16 and compared to a reference spectrum of *°N-
R120G-ACD containing 20% DMSO to match the solution conditions. 256 scans were acquired
per t; value for a total of 200 t;s at a temperature of 32 °C. Spectral widths of 6009 Hz and 1419
Hz were used in the 'H and >N dimensions, respectively. Spectra were processed with NMRPipe

(24) and analyzed with NMRView (25).
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3.8.8. Docking
The published crystal structure of the core domain of aB-crystallin (PDB ID 2WJ7 (26)) was
minimized in solvent using OpenEye FreeForm software and c29 was docked using UCSF Dock

(27) with flexible docking parameters.

3.8.9. Animals and lenses

R120G aB-crystallin knock-in mice expressing an A to G point mutation in codon 120 of mouse
oB-crystallin which results in the substitution of arginine 120 with glycine (R120G) were
generated as described previously (21). These mice are in the C57BL/6J background (Jackson
Laboratories, Bar Harbor ME). Mice were maintained at Washington University School of
Medicine in the Division of Comparative Medicine by trained veterinary staff. All protocols and
procedures involving mice were approved by the Washington University Animal Studies
Committee and performed by Mouse Genetics Core. Mice were euthanized by CO, inhalation

and lenses were immediately dissected and used for analysis.

3.8.10. Treatment of mice

Wild type or R120G aB-crystallin knock-in mice were treated with vehicle (40% cyclodextrin in
PBS) or compound 29 dissolved in vehicle to make 5 mM solutions. The drops were
administered in six doses over two weeks, coinciding with each Monday, Wednesday, and Friday
during the period of experimentation. To the left eye of each animal was administered one drop
of vehicle so that the drop coated the eye. One drop of compound 29 was administered to the

right eye of each animal in the same manner.

3.8.11. Slit lamp biomicroscopy

Mice were examined by slit lamp biomicroscopy on the day following final dosing. Prior to
observation, pupils were dilated with 1% Topicamide Ophthalmix Solution, USP and 10%
Phenylephrine Hydrochloride Solution, USP in a 9:1 ratio. The slit was positioned directly
orthogonal to the mouse for best delineation of opacities and clear areas in the lens. Videos
from each eye were recorded on a Sony DCR-DVD403 3MP DVD Handycam Camcorder w/10x
Optical Zoom with Carl Zeiss Vario-Sonnar Super Steady Shot (Sony, Tokyo) using the camcorder
attachment on the slit lamp. Night-mode was used for best identification of opacities. Still

images were then extracted from each video using Topaz Moment (Topaz Labs, Dallas TX) and
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selected images were analyzed for intensity of light (as gray value across a selected cross
section) using the Imagel program (http://rsb.info.gov/ij). Plot profiles were produced along
horizontal and vertical cross sections of each image. Improvements in transparency were

qualitatively scored by visual analysis.

3.8.12. Measurement of water-soluble lens crystallins

The control and drug eyes from each mouse were removed and the lenses excised. Lenses were
either placed in a unique microcentrifuge tube with 1 mL PBS and 1:1000 protease inhibitor
cocktail (Sigma, St. Louis MO), or in two instances were pooled with lenses from other mice. The
lenses were homogenized using disposable grinders before centrifugation for one hour at
10,000 rpm. The samples were kept at 4 °C for the entire process. After centrifugation, the
soluble fraction (supernatant) was collected filtered through a 0.22 um filter, transferred to a
vial and analyzed by gel permeation chromatography using the TDA305 detector with GPXMax
injection system (Malvern, Worcestershire, UK). The system provided refractive index,
ultraviolet absorbance at 280 nm, viscosity, and right and low-angle-light-scattering readings
after each sample passed through a P3000 and P2500 column (Malvern). PBS was used as the
mobile phase and the system was calibrated with bovine serum albumin (Sigma) as a standard.
The results were displayed using OmniSec 4.7 software (Malvern). Gel permeation
chromatography data were analyzed using SAS version 9.3 (SAS Institute; Cary, NC). The effect of
compound 29 on the level of soluble crystallins was expressed as the percent difference in area
between the treated and untreated fellow eyes. To control for differences in assay sensitivity
among animals, the area under the curve in the treated eye was compared to the area in the
corresponding, untreated eye and expressed as percent difference. The percent difference
between treated and untreated was compared using the Wilcoxon signed rank test for the null
hypothesis of no difference. The association between age and percent difference was calculated
using the Spearman rank correlation coefficient. Non-parametric statistical models were used to

protect from departures from normality.

3.8.13. Treatment and analysis of human lenses
Human lenses (HL) used in this study were obtained from unidentified patients (70-80 years
old). A total of three lenses were obtained (HL1-3). HL1 was from an individual undergoing

extracapsular cataract surgery and a preoperative clinical exam was used to classify the cataract

81



as mixed cortical and nuclear 3-4 I. The material had been classified as non-human discarded
material. HL2 and HL3 were obtained from a deceased patient. Each lens was cut into four
nearly equal parts and placed in individual tubes. To each tube was added 50 pL solution of
vehicle (40% cyclodextrin in PBS containing 1:1000 protease inhibitor cocktail) or compound 29
(2 mM) in vehicle which covered the lens tissue completely. Lens tissue was incubated in these
solutions for 6 days in the dark at room temperature. On the last day, the tissue was
homogenized after addition of 200 pL PBS. An aliquot (40 pL) was removed and centrifuged for
one hour at 10,000 rpm at 4°C, from which the supernatant was collected. Protein content in
the supernatant and total homogenate was measured in triplicate using the BCA kit. The ratio of

water soluble to total protein was then calculated.

3.9. Notes
A portion of this chapter is in preparation for publication as McMenimen KA*, Makley LN*,
Wilson B, DeVree BT, Goldman JW, Rajagopal P, McQuade TJ, Thompson AD, Sunahara R, Klevit

RE, Andley UP, and Gestwicki JE, Pharmacological Reversal of Cataracts Caused by an Amyloid-

Prone Small Heat Shock Protein. The Klevit laboratory performed the NMR binding studies. The

Andley laboratory carried out all mouse experiments and human lens treatments. Brian DeVree
performed the original ThermoFluor screen against Hsp27 and developed the data analysis
method. Andrea Thompson visualized aB-crystallin amyloid by electron microscopy. The
ThermoFluor instrument was a generous gift from Johnson & Johnson, and the original 32-
member sterol library was a kind gift from Roger Sunahara. Bryan Dunyak performed docking

with compound 29.
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Chapter 4
Chemical Validation of Cryptic Binding Sites on Hsp27 using In Silico

Solvent Mapping and Biophysical Methods

4.1. Abstract

In the post-genomic era, potential therapeutic targets accumulate genetic evidence that
validates their utility in modifying the course of disease. Genetically validated targets do not
necessarily possess small molecule modulators, known ligand binding sites, or even enzyme
activity. Consequently, some non-enzymatic, non-receptor targets such as the small heat shock
protein Hsp27 require de novo chemical validation. While Hsp27 is known to have disease-
modifying properties, does it possess ‘druggable’ binding sites? Can the disease-modifying
activity of Hsp27 be tuned using small molecules? Because of the complexity of this target, we
designed a screening workflow in collaboration with the Carlson Laboratory that involved
synergistic computational and experimental approaches to identify cryptic binding locations on
Hsp27. We applied mixed solvent molecular dynamics (MixMD) to predict three possible binding
sites in the core domain of Hsp27, which we confirmed and rank-ordered using an NMR-based
solvent mapping scheme. Using this knowledge, we carried out an NMR-based fragment screen
and a parallel peptide synthesis effort. The fragment based screen relied on ~1000 unbiased
chemical fragments, while the peptide approach was based on a recently identified protein-
protein interaction motif in Hsp27. Together, these approaches yielded three cryptic binding
sites on Hsp27. Each of these sites was subject to medicinal chemistry efforts, and the results
suggested that some of these sites are more amenable to tight binding than others. Finally, one
site appears to be functionally important in maintaining the solubility of sHSPs. From these
efforts, we have revealed previously uncharacterized ligand-binding sites on Hsp27 and gained
insight into the allostery and function of this chaperone. These efforts also provide an
informative head-to-head comparison of the emerging methods (described in Chapter 1) for

finding inhibitors of ‘undruggable’ targets.
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4.2. Structural aspects of small heat shock proteins

Hsp27 belongs to the superfamily of molecular chaperones responsible for maintaining
proteostasis under stress conditions. Unlike the well known Hsp70 and Hsp90 families, Hsp27
has no intrinsic ATP hydrolyzing activity. Rather, it is known to bind its protein clients, and
sequester them from self-association (aggregation) or degradation. Once the stress abates,
Hsp27 can release its clients for active refolding by other chaperones. Structurally, small heat
shock proteins consist of a highly conserved core immunoglobulin fold called the a-crystallin
domain, flanked by less conserved and less ordered N- and C-terminal extensions (1, 2). The
core a-crystallin domain forms a dimer at an antiparallel beta strand interface, and contacts in
the N- and C-terminal extensions mediate higher ordered oligomerization. The ultrastructure of
Hsp27 is regulated by heat shock, oxidative stress, and phosphorylation on N-terminal serine
residues (3, 4). Quaternary structure dynamics control the bind-and-release properties of small
heat shock proteins and allow for a high (up to equimolar) capacity for client binding (5).
However, it is not clear which types of structures represent the active client-binding forms for
important clients such as p53 or tau (6, 7). Moreover, Hsp27 exists as a polydisperse ensemble
of large oligomers, which makes structural biology very challenging (5). Where should one place
a small molecule to regulate Hsp27 structure and function? We sought to chemically validate
Hsp27 as a ‘druggable’ protein and to make early steps towards the development of chemical

probes of Hsp27 biology.

4.3. Atomic level structure of core a-crystallin domain of Hsp27

Based in part on homology with aB-crystallin, the Klevit laboratory succeeded in solving the
solution structure of the core a-crystallin domain of Hsp27 by NMR spectroscopy. Thus, while no
high-resolution structure of the full-length Hsp27 protein is available, we had access to atomic-
level structural information for the central 98 amino acids. The monomeric unit of the protein
has six B-strands that form an immunoglobulin fold or B-sandwich. The dimer interface consists
of two B-strands that associate in an antiparallel fashion. Hsp27 has a single cysteine that is
positioned in the dimer interface, and in the NMR structure the cysteine from one protomer is
directly across from the cysteine from the other protomer in the so-called antiparallel Il (APII)

register of the dimer interface.
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The dimeric core domain of sHsps is known to exhibit chaperone activity (1) and is also the
domain that enables dimerization, which is disrupted in hereditary disease (8) and which
therefore appears to be important for structure and stability. Therefore, we reasoned that this

construct would be useful as a tractable starting point for small molecule discovery.
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Figure 4.1. A. Solution NMR structure of Hsp27 aB-crystallin domain, residues 79-176. B. Features of the primary
sequence of Hsp27 ACD. C. APII register of dimer interface showing residue pairing. Red lines indicate cross-strand
hydrogen bonding pairs in the APl register.

4.4. Identification of binding sites within Hsp27’s a-crystallin domain

A first step in identifying ligands is to identify potential small molecule binding sites on the
target’s surface. We chose to focus on the Hsp27 core domain, since we had access to a high-
resolution structure of this construct, and because we hypothesized that the dimer would be a
physiologically relevant target given its critical role in the substructure of Hsp27 oligomers
(Chapter 2 and 4.2). Strategies for de novo binding site identification, including mixed-solvent
molecular dynamics, were introduced in Chapter 1 (1.10). This technique uses a high-resolution
structure in a virtual box of mixed aqueous and organic solvent molecules chosen to represent
the typical physicochemical interactions a ligand makes with its target protein (i.e. hydrophobic,

aromatic, and hydrogen bonding donating or accepting) (9). In a molecular dynamics simulation,
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the solvent probes cluster at regions on the surface of the protein where each solvent can
outcompete water, and these locations represent potential ligand binding pockets (9). We
wanted to test the predictive power of the MixMD technique while using it to identify potential
ligandable pockets in Hsp27’s core domain. In this case, three probes were used: acetonitrile
(hydrophobic), pyrimidine (aromatic), and isopropanol (hydrogen bond donating and accepting).
This system was then minimized in a molecular dynamics simulation incorporating full protein
flexibility. We interpreted the regions that were highly occupied by all three probes after 20 ns
as sites that may be desolvated by small organic molecules. Three distinct binding sites were
highly occupied by each of the three solvent probes. One of the sites, labeled Site 1 in the figure
below, corresponds to a symmetry-related groove at the top of the dimer interface. The second
site, labeled Site 2, appeared along the outer edge of the B-sandwich, in a pocket formed by the
B4 and B8 strands. The third site occupies a concave pocket on the bottom of the dimer

interface. These sites will be referred to as Site 1, Site 2, and Site 3 in the following discussion.

e

pyrimidine

OH

A

isopropanol

N=C-CHg
acetonitrile

Figure 4.2. Surface rendering of NMR structure of Hsp27 aB-crystallin domain, showing three regions where each
solvent probe was highly localized. The sites are labeled as indicated in the order in which they were occupied (i.e.
site 1 was most highly occupied by all three solvents and site 3 was the least occupied).
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4.5. Validation of MixMD result through equivalent NMR experiments and comparison with
chemical shift perturbations

Using the construct of Hsp27’s core domain that is well behaved in solution NMR experiments,
the experimental equivalent of the MixMD simulation was carried out. Solvents (pyrimidine,
isopropanol, or acetonitrile) were individually added to a solution of uniformly °N-labeled
Hsp27 core domain at final concentrations ranging from 5 to 30 mM. Backbone chemical shift
perturbations exceeding two standard deviations were considered to reflect a proximal solvent
interaction. Significant chemical shift perturbations were seen upon titration with each solvent.
Strikingly, these sites clustered around the corresponding solvent occupancy densities that were
predicted from the MixMD simulations (Figure 4.3). Thus, both the computational and
experimental studies suggested that there are at least three cryptic sites on Hsp27, referred to

as Sites 1, 2 and 3.

°y

pyrimidine

Figure 4.3. Cartoon rendering of NMR structure of Hsp27 aB-crystallin domain, showing MixMD solvent probe
occupancy maps and backbone chemical shift perturbations for solvent mapping NMR experiment. Backbone shifts
were considered significant if they exceeded two standard deviations of the 5 mM data set for each solvent.
Significant shift perturbations are shown for the 10 mM (0.08% v/v) pyrimidine, 20 mM (0.12% v/v) isopropanol, and
10 mM (0.04% v/v) acetonitrile concentrations.

4.6. Validation of cysteine-containing Site 1
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Site 1 is formed by the B6/7 strands of two protomers. This region is interesting because it
comprises the monomer-monomer interactions that stabilize the core Hsp27 dimer. Thus,
interactions in this region might be expected to affect chaperone function. Additional support
for the presence of a ligand-binding pocket at Site 1 can be gleaned from published crystal
structures of the core domains of aB-crystallin and Hsp20. In crystal structures of aB-crystallin,
the crystallization additives methylpentanediol and sulfate populate this site, suggesting that it
sometimes binds small molecules (10). In addition, a rat Hsp20 aB-crystallin core domain
structure shows that C-terminal peptides from adjacent dimers in the crystal lattice bind in the
groove of Site 1 (11). While affinity for solvent-like probes is suggestive of a ligand-binding site,
we wanted to take the next step and identify drug-like small molecules engaging this site. For
Site 1, we chose to take a high-throughput screening approach, beginning with differential

scanning fluorimetry.

Differential scanning fluorimetry (DSF) was discussed in Chapter 1 (1.9) and applied to R120G
aB-crystallin in Chapter 3. From the same pilot screen, we identified a ‘hit’ that altered melting
temperature of the full-length Hsp27 by -1.6°C in a dose-dependent fashion (Figure 4.4).
Captopril is a known angiotensin-converting enzyme inhibitor discovered in the 1970s for the
treatment of hypertension. A secondary assay using the HSQC NMR platform introduced in the
previous section indicated that captopril causes chemical shift perturbations in the region of the
lone cysteine residue in Hsp27 (Figure 4.4). The shifts were large, distributed over the structure
of the protein, and markedly similar to those observed in the presence of dithiothreitol (Figure

4.4) or B-mercaptoethanol.
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Figure 4.4. Captopril decreases the apparent melting temperature of full-length Hsp27 by 1.6°C as measured by
differential scanning fluorimetry. A 3D topology of melting curves with increasing captopril concentration is shown, as
is a plot of change in melting temperature versus concentration of captopril. Captopril causes backbone chemical shift
perturbations similar to those seen upon treatment with dithiothreitol; control spectrum with 200 uM Hsp27c alone
is shown in blue, the spectrum with the addition of 5 mM dithiothreitol in shown in red, and the spectrum including 5
mM captopril is indicated in green. F1 is the proton frequency axis and F2 is the nitrogen frequency axis. The largest
chemical shift perturbations (exceeding 2 SD) are mapped in blue, and the residues that disappear entirely are
mapped in navy blue.

We therefore hypothesized that the molecule was forming a mixed disulfide bond with Hsp27’s
cysteine, which is located at the dimer interface, in the floor of Site 1. To probe whether the
affinity was purely a result of the reactive thiol, or whether the molecule also had other
physicochemical interactions and noncovalent affinity with the pocket, we mutated the
endogenous cysteine to alanine and repeated the HSQC binding experiment. The residues in the
binding pocket still show chemical shift perturbations at high concentrations of captopril (Figure
4.5), though captopril’s ability to form a mixed disulfide with the protein is eliminated by the
mutation. This suggests that captopril makes weak but productive non-covalent contacts with

the Site 1 pocket.

110

a

4+ N (ppm)
B
o

125

130

@,-"H (ppm)

Figure 4.5. HSQC NMR chemical shift perturbations indicate that captopril interacts with C59A Hsp27c. Buffer control
spectrum for 200 uM C59A Hsp27c is shown in blue, and spectrum with addition of 5 mM captopril is shown in red.
Residues that shift by more than 1.5 standard deviations are colored blue on the surface representation of Hsp27c.
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The role of the cysteine in Hsp27 biology is not well understood. No other human small heat
shock protein has a cysteine within the dimer interface. Disulfide-bound dimers of Hsp27 are
known to be present in cells, and the proportion of covalent dimer increases upon treatment of
cells with oxidants including hydrogen peroxide, diamide, and arsenite (12, 13). The inter-
protomer disulfide bond locks the dimer in a single registration of the B-strand interface; the
cross-dimer distance between the cysteine Ca atoms is 5 A, whereas in the other possible
registers of the dimer interface it is ~8.8 A (2) which precludes disulfide formation (14).
Interestingly, disulfides formed between residues on adjacent B-strands are rare, and cross-
strand disulfides formed between hydrogen-bonded residues on adjacent B-strands are even
more unusual (15). A 2011 study found 2576 examples of cross-strand disulfide bonds in the
PDB, only six of which are found between hydrogen-bonded pairs. Such disulfides are highly
strained and usually act as redox switches (16, 17). Given the known roles of Hsp27 in protecting
against oxidative stress (18, 19) and the location of the strained cross-strand disulfide at the
critical dimer interface, it seems likely that the disulfide acts as a redox sensor. Several studies
have examined the role of the cysteine in human Hsp27 or its murine homologue, Hsp25 (12, 13,
20-24). In cells, mutation of the cysteine residue to alanine was reported to reduce Hsp25’s
oligomeric size and abolish its chaperone activity towards luciferase in cells (20). Additionally,
the cysteine to alanine mutation slightly reduced Hsp25’s ability to protect cells from
staurosporine-induced apoptosis (20). However, a second group observed no significant changes
to the chaperone function, oligomeric size, or secondary structure of Hsp25 in vitro (13),
consistent with the results of studies of the corresponding mutation in Hsp27 (23). This
discrepancy may reflect the difficulty of designing in vitro assays that predict in vivo chaperone
functions. Thus, small molecule probes of this binding site are expected to be useful tools that

enable a better understanding of the role of Hsp27’s cysteine in oxidative stress.

In ongoing work in the Gestwicki laboratory, the endogenous cysteine has been used as a handle
for a tethering screen to generate chemical matter binding to Site 1. Tethering was introduced
in Chapter 1 (1.8) as a site-directed screening method, in which an introduced or endogenous
cysteine is used to ‘tether’ molecules from a screening library via mixed disulfide adducts with
the protein target. An in-house library of 1280 small molecule fragments containing reactive
thiols was screened for binding to Hsp27’s core domain in the presence of 100 uM B-

mercaptoethanol. The hit rate for the primary screen was nearly 5%, using a typical cutoff of
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50% adduct formation to differentiate hits. This suggests that Site 1 is amenable to small
molecule binding, as predicted by the MixMD simulation. The potential for optimal non-covalent
affinity at this pocket remains to be determined, as does the functional consequence of
irreversibly or reversibly engaging this site. Another graduate student has been leading the
Hsp27 tethering screen and she is actively working to co-crystallize the lead molecules in

complex with Hsp27’s core domain.

4.7. Site 2 is involved in protein-protein interactions

Site 2 is located in a hydrophobic groove formed by the B4 and B8 strands of the core domain
(Figure 4.1). Interestingly, this site is known to participate in homomeric and heteromeric
protein-protein interactions. This region binds to an IXI palindromic motif, which is located in
the C-terminal extension of Hsp27. The interaction of the IXI motif with Site 2 in the core
domain stabilizes Hsp27 oligomers, likely mediating inter-monomer contacts (1). Several NMR
and crystallography studies of aB-crystallin and Hsp27 have documented IXI peptide binding to
this groove (1, 25, 26). Secondly, the B4-B8 groove is known to mediate the interaction of sHSPs
with BAG3. BAG3 is a nucleotide exchange factor for heat shock protein 70 (Hsp70) and is
thought to serve as a scaffolding protein that links Hsp70 with the sHSPs. The sHsps Hsp20
(HspB6), Hsp22 (HspB8), and aB-crystallin have each been reported to interact with BAG3 (27,
28). Moreover, the Landry group has carried out extensive mutagenesis and
immunoprecipitation studies to identify the regions in each binding partner that are required for
the interaction (27). In the case of Hsp20 and Hsp22, mutation of several conserved
hydrophobic residues in the B4 and B8 abrogated the binding interaction (27). The same group
used deletions and mutagenesis to identify the regions in BAG3 that are responsible for the
interaction, and found that two IPV motifs within BAG3 are necessary for the binding interaction
(27). These IPV motifs are very similar to the C-terminal Hsp27 IXI motifs (see alignment in

Figure 4.7).

To gain more insight into Site 2, we used NMR to show that full length BAG3 and synthetic
peptides containing the IPV interaction motifs bind to the Hsp27 core domain in the expected
B4/B8 groove (Figure 4.6). By isothermal titration calorimetry, full length BAG3 binds to Hsp27c
with an affinity of 490 + 120 nM, and a stoichiometry of one molecule of BAG3 per Hsp27c

dimer (n = 2.0 £ 0.06). The synthetic Bag3 peptides from residues 94-111 (""IPIPVLHE®®") and

93



206-213 ("MISIPVIHE®®™) bind more weakly (Kps of 8 uM and 7 pM, respectively), as might be

expected since each contains only a single interaction motif.
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Figure 4.6. Interaction surface for full length BAG3 binding to Hsp27c. The changes in backbone amide peak intensities
exceeding 2 standard deviations (dotted line in histogram) are plotted onto the cartoon representation of Hsp27c in
blue. Intensity changes between 1.5 and 2 standard deviations are plotted in marine, and the locations of proline
residues in the proximity of the binding site are indicated in teal, as they do not give crosspeaks in the HSQC spectra.
Locations of the B4 and B8 strands are indicated above the histogram.

4.7.1. Effect of peptide binding on quaternary structure of Hsp27

Because Site 2 is involved in important protein-protein interactions, we wondered whether
ligands for this region might alter the oligomerization of Hsp27. Specifically, we reasoned that
peptide binding in Site 2 should compete with the ability of the Hsp27 IPV motif to bridge across
dimers, weakening the oligomer structure. When 100 uM of full-length Hsp27 was incubated
with 1 mM or 2 mM of the 8-mer peptide ""IPIPVLHE“®®" from BAG3, a slight reduction in the
size of the oligomer was observed by size exclusion chromatography coupled to multi-angle light
scattering (SEC-MALS) (Figure 4.7). Though the change was relatively small, it was dose-
dependent and reproducible, and each value in the table represents the average of two
experiments. Because the binding of IPIPVLHE is fairly weak (K, = 8 uM), it is difficult to reach
concentrations that can compete with the self-interaction with the IPV motif. Consequently, the

binding sites are not likely to be saturated in this experiment. However, ongoing work in the
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Gestwicki laboratory is focused on developing more potent, synthetic analogs of the peptide.

These chemical reagents will likely be useful probes of Hsp27 structure-function.
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Figure 4.7. Alignment of two “IPV”-containing peptides from the sequence of BAG3 and the C-terminal extension of
Hsp27. Summary table of molecular weights and corresponding oligomeric sizes of full length Hsp27 upon treatment
with peptide IPIPVLHE from BAG3. Distribution analyses are shown for one control experiment and one experiment
with 2 mM peptide (note the difference in horizontal axes).

4.7.2. Effect of peptide binding on stability of sHsps

The region encompassing Site 2 in aB-crystallin includes the peptides predicted to have strong
propensity to form amyloids. The Eisenberg group used a steric zipper prediction algorithm to
identify an 11-mer peptide encompassing the B4 strand and part of the B5 strand as the region
in aB-crystallin with the highest amyloid-forming propensity (29). This 11-mer peptide formed
cytotoxic amyloid oligomers with six peptide units per oligomer, and the crystal structure of the
resulting oligomer was solved to reveal a hexameric B-barrel with each B-strand antiparallel to
its neighbors (29). Thus, we hypothesized that engaging Site 2 with a peptide may limit re-
arrangement to the amyloid conformation. Consistent with this idea, peptides from BAG3
suppressed aggregation of R140G Hsp27 as measured by light scattering (Figure 4.8) by delaying
its lag time. The peptide consisting of BAG3 residues 94-111 completely suppressed aggregation
over the twelve-hour experiment at a 1:2 stoichiometry of peptide to sHsp, and the peptide

consisting of BAG3 residues 206-213 was effective at 1.5:1 peptide to sHsp.
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Figure 4.8. Peptides from BAG3 delay the lag time and suppress the aggregation of R140G Hsp27 as measured by light
scattering. Both BAG3 94-111 and BAG3 206-213 can completely suppress aggregation. The concentration of R140G
Hsp27 is 87 uM (in monomer), so the peptides are effective here at substoichiometric concentrations.

When the peptides were tested against the even more aggregation-prone R120G mutant aB-
crystallin, they were effective at suppressing aggregation but exhibited different inhibition
behavior in this assay (Figure 4.9). The BAG3 peptides primarily slowed the rate of aggregation
of R120G aB-crystallin, had less of an effect on its lag time, and required much higher peptide
concentrations. For example, the peptide containing the BAG3 residues 94-111 completely

suppressed aggregation but this required more than an eleven-fold excess of peptide to sHsp.

20 Ac-NH-IPIPVLHE-COOH Ac-NH-ISIPVIHE-COOH
. HitHH b a " S00uM
i it s :
157 A it T 45 fi mwm"':ZIffEﬁﬁfW A
£ R w E W l it h
(=3 . ++ H+ Ity oott? o ++ HH * 200uM
o 1.0 - “ i o 0 1.0 + +* |+} HH 150uM
8 . ++ “t*“ . o H”” 8 * *+ ” 4 ﬁ +HH . w
° AT T ) ‘ t Lt T 1ol
os{ ol Al a5
nmmmhit“lﬁmx"’ soteee ;;;mmﬁtf :u.....- . DMSO
o.c T L} ] T T 1 - T T T T T T 1
0 20 40 60 80 100 120 00 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 4.9. Peptides from BAG3 suppress the aggregation of R120G aB-crystallin as measured by light scattering.
BAG3 94-111 can completely suppress aggregation at the highest concentration tested while BAG3 206-213 is slightly
less effective. The concentration of R120G aB-crystallin is 43 uM (in monomer), so the effective peptide
concentrations are in large excess.

These results suggest that the peptides bind to the native fold of the protein and prevent
nucleation of aggregation (R140G Hsp27) or propagation of aggregation (R120G aB-crystallin).
Thus, engaging Site 2 appears promising as a potential means of inhibition of mutant sHsp

amyloid formation.
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4.8. Validation of dimer-interface Site 3 through fragment-based drug design

Site 3 was unknown prior to the initiation of this work. To explore its potential druggability, we
chose to apply fragment-based drug design by NMR. This method for the label-free, affinity-
based selection of ligands was introduced in Chapter 1.8. In this approach, low molecular weight
fragments are expected to bind weakly, but with high atom efficiency, enabling straightforward
optimization by growing or combining fragments into higher-affinity ligands. The advantage of
fragment-based drug design by NMR is that the binding sites of the fragments are identified as
part of the routine screening process. We chose to use the Klevit laboratory’s uniformly °N-
labeled Hsp27 core domain as a target for a protein-observed HSQC screen of the Maybridge
RO3 library of ~1,000 fragment molecules, carried out in collaboration with the Cierpicki
laboratory. Because protein-observed HSQC screens are information rich but relatively low
throughput, we multiplexed the fragments in groups of 20 fragments per HSQC experiment,
using 125 pM Hsp27c and 250 uM of each fragment (Figure 4.10). Thirty-three mixtures
exhibited large (>8 Hz) chemical shift perturbations, reflecting an unusually high hit rate for this
type of screen. Hit rates from fragment-based NMR screens are sometimes used as a metric for
the potential ‘druggability’ of a protein target, as discussed in Chapter 1.8. In Hajduk’s influential
analysis, targets producing experimental NMR hit rates higher than 0.2%, or exceeding two hits
for a library of this size, correlated with the success of subsequent medicinal chemistry
campaigns to access optimized hits with high affinity (<300 nM) (30). While we only
deconvoluted six of the thirty-three mixtures of compounds that produced hits, we obtained
four confirmed hit molecules (0.4%), and it is likely that the library contained many more hits
than four. This analysis suggests that the core domain of Hsp27 should be considered as highly

‘druggable’ by this metric.

50 mixtures Maybrldge
(1000 fragments) ROS3 library
rule of 3 average value
' MW <300 1783
33 mixtures cLogP <300 1.5
with shifts > 8Hz H-bond acceptors <3 2.4
| H-bond donors <3 0.9
chose 6 mixtures Rotatable bonds <3 0.9
(110 fragments, 11%) PSA <60 A2 37.0 A

[

| 4 fragment hits (0.4%)
I

I 2 reconfirmed (0.2%)

Figure 4.10. Flowchart describing primary screening, deconvolution, and reconfirmation of NMR based screen against
Hsp27c; characteristics of the Maybridge RO3 library.
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4.8.1. Resynthesis of screening hits and confirmation of binding to Site 3
Of the four hit molecules from the Maybridge RO3 library, compounds 1 and 4 did not reconfirm

when synthesized in-house according to the scheme in Figure 4.11, below.
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Figure 4.11. Synthetic schemes used to resynthesize fresh powders of each of the four hits from the NMR fragment-
based screen.

The third molecule, the B-styrene compound 3, was resynthesized as a mixture of stereoisomers
and isolated as 78% E-olefin, the molecule that was represented in the Maybridge library
product information. This molecule did not bind to Hsp27c by HSQC NMR under conditions
similar to the screening conditions. However, we noticed upon inspection of the proton NMR
spectrum of the original screening sample that the *J,; coupling constant for the alkenyl protons
was characteristic of the Z-olefin (Figure 4.12), and not the E-olefin as drawn. The Z-olefin was
obtained through a different synthetic route (Figure 4.11) and in fact did bind to Hsp27c in a

reconfirmation experiment.
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Figure 4.12. Identification of correct isomeric structure of compound 3 from 3JHH coupling analysis.

The remaining primary screening hit, the diaryl ether compound 4, clearly reconfirmed when it
was resynthesized as fresh powder. Both the Z-olefin and the diaryl ether molecules resulted in
large chemical shift perturbations in the proximity of the dimer interface, and because the diaryl
ether compound was more easily accessible in two synthetic steps and had the advantage of a
diverse range of commercially available starting materials, we focused our optimization effort

here.

A library of 48 analogues was assembled to probe the druggability of Site 3. Each molecule was
dissolved in DMSO and tested at a single concentration in the HSQC binding assay. If significant
(>8 Hz) chemical shift perturbations were observed relative to the vehicle control, a full titration
series was performed. When possible, a plot of chemical shift versus concentration was fit with
a hyperbolic one-site binding model and an apparent affinity was extracted (Table 4.1). Asterisks
denote compounds that were purchased from commercial libraries. The synthetic procedures
and analytical characterization for each compound synthesized in-house may be found in the

Experimental Procedures section of this chapter (4.11).
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Table 4.1. Structure-activity relationships obtained for analogues of diaryl ether compound 4.



The original diarylether hit 4 bound weakly and a titration analysis of chemical shift perturbation
versus concentration of compound was linear up to 1 mM. The unreduced nitropyridine starting
material 5 bound more tightly, giving saturable binding curves in the HSQC titration and an
apparent affinity of 177 + 16 pM. Nitro substitution at the 5-position instead of the 3-position
resulted in a further improvement in affinity to 63 + 3 UM (6). Removal of either the pyridine
nitrogen or 2-fluoro substituent individually had little effect on affinity (compounds 7 and 8,
respectively). Ligand efficiency is a metric often used in fragment optimization efforts that is
intended to control for the effect of molecular weight or number of heavy atoms in affinity (31).
Ligand efficiency was calculated using the formula —AG (kcal/mol)/#heavy atoms, where AG was
calculated at 303 K (the temperature at which all NMR experiments were carried out) and all
non-hydrogen atoms were counted as heavy atoms (31). Interestingly, 2,4-difluoro substitution
on the right-hand ring was found to be optimal when the left-hand ring bore nitro substituents
at the 2 and 4 positions (compare 11 to 9 and 10). The position of the nitro groups was
important, as seen from a comparison of compounds 11 and 12. This precludes a purely
electronic effect of the nitro substituents on the left-hand ring. Similarly, the effect of the
fluorines on the right-hand ring does not appear to be a purely electronic effect, as can be seen
from compounds 23-25, which do not bind. Interestingly, a nitrile can be accommodated in the
4-position (compound 16), but a trifluoromethyl group cannot (compound 35). Replacement of
the fluorines with other halogens, a trifluoromethyl group, methyl groups, an aldehyde, or a
carboxylic acid is poorly tolerated (compounds 22, 26-30). Interestingly, the ether oxygen can be
replaced by sulfur with a slight improvement in affinity (41), but not with a nitrogen atom
(compounds 40 and 42). The nitrogen substitution would be expected to restrict the possible
orientations of the two planar rings relative to one another, which may preclude binding.
Similarly, insertion of a carbonyl as in 44 or 45 abolishes binding. We hypothesized that
introducing a third ring system in a symmetrical fashion might allow for binding to both sides of
the dimer interface, and so compounds 46 and 47 were synthesized. However, no chemical shift
perturbations were observed from these larger molecules. Future work aims to co-crystallize the
most ligand-efficient fragments (7, 11, and 41) with Hsp27c to enable further, rational

optimization.

4.8.2. Confirmation of fragment binding site with mutagenesis
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Since Site 1 and Site 2 are related by their locations on either side of the B-sheet dimer
interface, and since the HSQC experiment reports on the electronic environment of the
backbone amides, the observed chemical shift perturbations are ambiguous as to which binding
site is engaged (Figure 4.13). To distinguish Site 1 and Site 3 and identify which residues are
engaged with ligand binding, we systematically mutated each of the side chains involved in Site
1 and Site 3 and tested the optimized compound 11 (1-(2,4-difluorophenoxy)-2,4-
dinitrobenzene) for binding to each mutant in the same HSQC platform (Figure 4.14). Several
mutations in Site 3 severely reduced (e.g. H46A) or completely abolished binding (e.g. R58A,
F60A, and R62A). Conversely, mutations in Site 1 had only minor effects on the apparent binding
affinity. These studies confirmed that the diaryl ether scaffold engages Site 3, likely via critical
contacts with residues H46, R58, F60, and R62. These results validate Site 3 as a bona fide

ligand-binding pocket.

Figure 4.13. Backbone chemical shift perturbations from 11 (1-(2,4-difluorophenoxy)-2,4-dinitrobenzene) binding to
Hsp27c do not permit differentiation between Site 1 and Site 3. 250 pM compound was added to 125 uM protein;
residues that exhibit chemical shift perturbations greater than 2 standard deviations are colored orange, and residues
that are perturbed between 1 and 2 standard deviations are colored yellow.
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Apparent  Fold Change
Side Chain Affinity in Affinity vs

Mutation _in Site 1 or 3 (uM) Wild Type
C59A 1 67 +12 4
T61L 1 32%5 2
L21A 3 42 +4 3
V23A 3 69+12 4
IS6A 3 63+ 10 4
H46A 3 240 £ 20 15
R58A 3 no binding NA
F60A 3 no binding NA
R62A 3 no binding NA

Figure 4.14. Summary of mutagenesis studies for binding of compound 11 1-(2,4-difluorophenoxy)-2,4-dinitrobenzene
to Hsp27 with residues in Site 1 or Site 3 mutated. The numbering system used for the mutation is for the core
domain of Hsp27 (not the full-length protein). Locations of mutated residues are shown in the cartoon diagrams.

4.9. Conclusions

In the post-genomic era, genetically validated targets do not necessarily possess ligand binding
sites or convenient starting points for ligand design. Therefore, non-enzyme, non-receptor
targets, such as Hsp27, require chemical validation to understand their therapeutic potential. In
this Chapter, we identified three ‘druggable’ binding sites on the surface of Hsp27’s aB-crystallin
domain and described ongoing efforts to identify and optimize small molecules or peptides that
engage each. We demonstrated that one of the sites is functionally important in preventing the
aggregation of R120G aB-crystallin. In doing so, we validated the predictive power of MixMD as
a de novo binding site identification technique in a blinded fashion. Future work will continue to
expand upon this suite of chemical ligands, which represent valuable starting points for the
development of useful probes for chemical biology and perhaps also for the development of

Hsp27-targeted therapeutics.

4.10. Experimental procedures

4.10.1. Protein purification

Proteins were purified as described in Chapter 2; see 2.13.2 for details. Hsp27 core domain
mutants were purified using the protocol for the wild type protein, except that for mutations
that changed the charge of the protein, the NaCl gradient used in the MonoQ purification step

was altered accordingly.
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4.10.2. NMR studies

HSQC spectra were acquired at 30 °C on a 600 MHz Bruker Avance lll spectrometer equipped
with cryoprobe, running Topspin version 2.1, or a Bruker DRX500 with a QCl Z-axis gradient
cryoprobe, running Topspin version 1.3. Spectra were acquired on samples containing 150-200
UM Hsp27 core domain in 50 mM NaPi, pH 7.5, 100 mM NaCl at 30°C and always compared to
solvent-controlled reference spectra. 256 scans were acquired per t; value and spectral widths
of 1500 Hz and 9615 Hz were used in the 'H and °N dimensions, respectively. Processing and

spectral visualization was performed using rNMR (32) and Sparky (33).

4.10.3. Differential scanning fluorimetry screen
The differential scanning fluorimetry screen was carried out as described in Chapter 3; see

Chapter 3.8.2 and 3.8.3 for experimental details.

4.10.4. SEC-MALS

Oligomeric samples were resolved by analytical size exclusion chromatography with a Shodex
803 column on an Ettan LC (GE Healthcare). Molecular weights were determined by multiangle
laser light scattering using an in-line DAWN HELEOS detector and an Optilab rEX differential
refractive index detector (Wyatt Technology Corporation). The system was equilibrated in
analysis buffer containing 20 mM NaPi, pH 7.2, 100 mM NaCl containing 0.001% Tween-20 and
2% DMSO prior to analysis. Samples contained 50 pL of 0.5 mg/mL protein and 0, 1, or 2 mM

peptide.

4.10.5. Light scattering assay
The light scattering assay was carried out essentially as described in Chapter 2; see Chapter

2.13.6 for experimental details.

4.11. Synthetic procedures and analytical characterization
'H NMR spectra were obtained on Varian 300 MHz and 400 MHz spectrometers with CDCl; or
de-DMSO as solvent, and chemical shifts are recorded in & (ppm). Mass spectrometry analysis

was performed using a Micromass LCT electrospray ionization instrument.
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4.11.1 Peptides from BAG3 sequence (Ac-NH-IPIPVLHE-COOH and Ac-NH-ISIPVIHE-COOH)
Peptides were synthesized using standard solid-phase microwave-assisted coupling techniques
using Wang resin as a solid support. Before cleaving from the resin, N-termini were acetylated
using 10% acetic anhydride in DMF. Peptides were cleaved from the solid support using a
cocktail of 88% trifluoroacetic acid, 5% phenol, 5% CH,Cl, and 2% triisopropylsilane for 30 min at
room temperature under nitrogen gas. After filtering, the cleaved peptides were isolated
evaporating most of the trifluoroacetic acid by rotary vacuum as an azeotrope with CH,Cl,. The
peptides were precipitated by adding the resulting oils dropwise to diethyl ether at -78 °C to
result in a fluffy white solid, which was isolated by filtering and washing with ice-cold ether. The
crude peptides were dissolved in DMSO and purified by semi-preparative reverse-phase HPLC
using a gradient of 0 to 100% acetonitrile containing 0.1% trifluoroacetic acid. Fractions
containing peptides were identified by MS, pooled, evaporated under rotary vacuum, and
lyophilized to yield the pure peptides Ac-NH-IPIPVLHE-COOH (1.7 mg, 2% based on resin
hydroxyl groups): MS m/z 960.1 (M+H); and Ac-NH-ISIPVIHE-COOH (11.4 mg, 12.9% based on
resin hydroxyl groups): MS m/z 950.0 (M+H). The purity of each peptide was confirmed by

analytical reverse-phase HPLC and exceeded 90%.

4.11.2. Synthesis of fragment screening hits 1-4

3-(thiophen-2-yl)aniline (1) was synthesized according to (34). Briefly, 3-bromoaniline (0.172 g,
1.0 mmol, 1.0 eq) was dissolved in 10 mL THF to give a clear solution. Potassium carbonate
(0.415 g, 3.0 mmol, 3.0 eq) dissolved in 2 mL H,0 was added, followed by 2-thienylboronic acid
(0.166 g, 1.3 mmol, 1.3 eq). Tetrakis(triphenylphosphine)palladium(0) (0.034 g, 0.03 mmol, 0.03
eq) was then added, and the reaction solution was heated to reflux at 80°C for 12 hours until
TLC in 50:50 hexanes:EtOAc indicated completion (R; = 0.5); staining with p-anisaldehyde gave a
purple spot for product. EtOAc (100 mL) was added to the reaction and it was extracted with
H,0 (3 x 35 mL), then brine (1 x 35 mL), dried with Na,SO,, filtered, and evaporated under rotary
vacuum to give a reddish brown oil. The crude product was purified by silica gel chromatography
in 75:25 hexanes:EtOAc; pure fractions were combined and evaporated under reduced pressure
to yield 1 as a bright yellow crystalline solid (144 mg, 83%): MS m/z 176.1 (M+H); 'H NMR (400
MHz, dg-DMSO): 6 7.67-7.61 (m, 5H), 7.28 (d, 1H), 7.17 (t, J = 4 Hz, 1H).
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2,3-dichlorobenzothioamide was synthesized according to (35). 2,3-dichlorobenzamide (192
mg, 1.0 mmol, 1 eq) was dissolved in 20 mL anhydrous THF and Lawesson’s reagent (445 mg, 1.1
mmol, 1.1 eq) was added. The reaction was heated to reflux for 5 hours, then evaporated under
rotary vacuum, washed with 3N HCI (10 mL), and neutralized with saturated NaHCO; (30 mL)
before extracting with CH,Cl, (3 x 40 mL). The crude product was purified by silica gel
chromatography in 80:20 hexanes: EtOAc to give 2,3-dichlorobenzothioamide as a yellow oil
(183 mg, 88%; a repeat reaction gave 146 mg, 72%): MS m/z 206.0 (M+H); "H NMR (400 MHz,
de-DMSO): 6 8.08 (bs, 1H), 7.46 (d, ) = 7.6, 2H), 7.24-7.19 (m, 2H).

2-(2,3-dichlorophenyl)thiazole-4-carboxylic acid (2) was synthesized according to (36). 2,3-
dichlorobenzothioamide (210 mg, 1.02 mmol, 1 eq) was dissolved in 6 mL anhydrous THF, and
bromopyruvic acid (170 mg, 1.02 mmol, 1 eq) was added. The solution was heated to reflux at
70 °C for 14 hours, then cooled to room temperature and evaporated under reduced pressure.
The resulting solid 2 was recrystallized from EtOAc (40 mL) to yield pale peach crystals (72 mg,
48%): "H NMR (400 MHz, dg-DMSO): § 13.22 (s, 1H), 8.70 (s, 1H), 8.11 (dd, J = 7.9, 1.4 Hz, 1H),
7.4 (dd, J = 8.0, 1.4 Hz, 1H), 7.58-7.56 (m, 1H).

(E)-3-(styrylthio)propanoic acid (3, E-olefin). 3-mercaptoproprionic acid (174 uL, 2 mmol, 2 eq)
was brought up in 12 mL THF and triethylamine (0.55 mL, 4 mmol, 4 eq) was added, followed by
B-bromostyrene (128 uL, 1 mmol, 1 eq). The mixture was heated to reflux while stirring for 1 hr
until TLC in 2.5% MeOH/CH,Cl, + 0.05% AcOH indicated completion and the formation of a white
precipitate was observed, which was thought to be the triethylamine HBr salt. This precipitate
was filtered and rinsed with CH,Cl, and the supernatant was stripped to give a clear oil. The
crude material was purified by silica gel chromatography in 1.7% MeOH/CH,Cl, to yield 3 as 86%
E-olefin (61.6 mg, 30%): *H NMR (400 MHz, CDCl5): & 11.2 (bs, 1H), 7.29-7.17 (m, 5H), 6.68 (d, J =
15.5 Hz, 1H), 6.52 (d, J = 15.5 Hz, 1H), 3.02 (t, J = 7.23, 2H), 1.66 (t, J = 7.80, 2H).

2,3-dibromo-3-phenylpropanoic acid. Trans-cinnamic acid (1.0 g, 6.8 mmol, 1 eq) was dissolved
in CHCl3 (25 mL), and bromine (0.35 mL, 6.8 mmol, 1 eq) was added. The solution was heated to
reflux for 30 minutes, with immediate formation of a precipitate upon heating, then cooled to 0
°C. The white precipitate was filtered and washed with cold CHCI; (25 mL) and dried to give pure

2,3-dibromo-3-phenylpropanoic acid (2.075g, 83%; a repeat reaction gave 1.88 g, 78%): MS m/z
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308.2 (M+H). 'H NMR (400 MHz, dg-DMSO): & 13.7 (bs, 1H), 7.62 (d, J = 7.2 Hz, 2H), 7.37 (dd, J =
8, 1.6 Hz, 3H), 5.53 (d, J = 11.7 Hz, 1H), 5.31 (d, J = 11.7 Hz, 1H).

(Z)-(2-bromovinyl)benzene. 2,3-dibromo-3-phenylpropanoic acid (300 mg, 0.97 mmol, 1 eq) was
dissolved in 10 mL of acetone dried over molecular sieves and Na,SO,. Potassium carbonate
(300 mg, 2.2 mmol, 2.2 eq) was added, and the resulting suspension was heated to reflux at
80°C for one hour until TLC (5% MeOH/CH,Cl,) indicated the absence of the starting material
acid. The reaction mixture was evaporated under rotary vacuum to give an oily white solid,
which was dissolved in CH,Cl, (20 mL) and washed with aqueous 1 N HCI (3 x 30 mL). The
combined aqueous layers were back-extracted with CH,Cl, (3 x 20 mL) and the combined
organic layers were washed with brine (30 mL) and dried with Na,SO,. Evaporation gave (Z)-(2-
bromovinyl)benzene as a clear oil requiring no further purification (646 mg, 88%; a repeat
reaction gave 470 mg, 64%): "H NMR (400 MHz, dg-DMSO): 6 7.71 (d, J = 7.6 Hz, 2H), 7.419-7.344
(m, 3H), 7.087 (d, J = 7.8 Hz, 1H), 6.449 (d, J = 8.0 Hz, 1H).

(Z)-3-styrylthio)propanoic acid (3, Z-olefin). 3-mercaptoproprionic acid (349 uL, 4 mmol, 2 eq)
was brought up in toluene (10 mL) and triethylamine (0.87 mL, 6.3 mmol, 3 eq) and added
slowly via addition funnel to a mixture of (Z)-(2-bromovinyl)benzene (0.384 g, 2.1 mmol, 1 eq)
and tetrakis(triphenylphosphine)palladium(0) (0.116 g, 0.1 mmol, 0.05 eq) in toluene (10 mL).
The mixture was heated to 90 °C under a reflux condenser while stirring for 12 h until TLC in
2.5% MeOH/CH,Cl, with AcOH indicated completion. The toluene was evaporated under rotary
vacuum as an azeotrope with CH,Cl, and the dried material was extracted from H,0 with CH,Cl,
(3 x 30 mL), dried with brine (30 mL) and Na,SO,. The crude product was a crude yellow oil
which was purified by column chromatography on silica gel using a gradient of 0 to 2.5% MeOH
in CH,Cl,. The product (Z)-3-styrylthio)propanoic acid was isolated as a white solid (161 mg,
37%; a repeat reaction on a larger scale gave 414 mg, 41%). '"H NMR (400 MHz, d¢-DMSO): &
12.34 (bs, 1H), 7.62-7.53 (m, 1H), 7.41-7.18 (m, 3H), 6.48 (d, J = 11.0 Hz, 1H), 6.44 (d, J = 10.9 Hz,
1H), 3.00 (t, J = 6.99, 2H), 2.60 (t, ] = 6.95, 2H).

2-(2,4-difluorophenoxy)-3-nitropyridine (5) was synthesized according to (37). 2-chloro-3-

nitropyridine (0.476 g, 3 mmol, 1 eq) and 2,4-difluorophenol (0.28 mL, 3 mmol, 1 eq) were

combined in acetone (20 mL) with potassium carbonate (0.48 g, 3.45 mmol, 1.15 eq) and heated
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to reflux for 6 hours. The mixture was acidified with 1N HCl and extracted with ether (3 x 30 mL).
The combined organic layers were dried with brine (20 mL) and Na,SO, filtered, and the solvents
were evaporated under reduced pressure to give a yellow oil. Addition of ~2 drops H,0 induced
crystallization of the crude material, which was recrystallized from isopropanol to give 2-(2,4-
difluorophenoxy)-3-nitropyridine as yellow crystalline solid (307 mg, 41%; a repeat reaction on
a smaller scale gave 71 mg, 47%). MS m/z 253.1 (M+H); '*H NMR (400 MHz, de-DMSO): & 8.60 (d,
1=9.6, 1H), 8.41 (d, J = 4.8, 1H), 7.51-7.40 (m, 3H), 7.17 (t, ) = 9.6, 1H).

2-(2,4-difluorophenoxy)pyridin-3-amine (4) was synthesized according to (37). 2-(2,4-
difluorophenoxy)-3-nitropyridine (150 mg, 0.60 mmol, 1 eq) was dissolved in 4 mL THF. A
solution of sodium dithionite (Na,S,04, 1.5 g, 8.6 mmol, 14.4 eq) in 14.6 mL H,0 was added, and
the mixture was allowed to stir at room temperature for 2.5 h at which point TLC in 80:20
hexanes:EtOAc indicated completion. The reaction mixture was quenched with saturated
NaHCO; (10 mL) and extracted with CH,Cl, (3 x 15 mL), dried with brine (30 mL) and Na,SO,.
Evaporation of solvent under reduced pressure gave pure product 4 as a white solid which was
used without further purification (50 mg, 37%; a repeat reaction on a larger scale gave 156 mg,
30%): 'H NMR (400 MHz, dg-DMSO): § 7.40-7.29 (m, 2H), 7.12 (dd, J = 4.70, 1.17, 1H), 7.11-6.82
(m, 2H), 8.20 (dd, J = 7.82, 4.70, 1H), 5.29 (s, 1H).

4.11.3. Synthesis of analogues of fragment screening hit 4

General procedure for nucleophilic aromatic substitutions.

The substituted chlorobenzene (1.1 mmol, 1 eq) was dissolved in anhydrous DMF (2.5 mL) and
the phenol component (1.1 mmol, 1 eq) was added. Cesium carbonate (1.3 mmol, 1.15 eq) was
then added, and the reaction was allowed to proceed at room temperature until TLC indicated
completion. Upon completion, the reaction mixture was filtered to remove the cesium
carbonate, acidified with the addition of 1 N HCl and extracted with CH,Cl,. The organic layers
were washed with brine and dried with Na,S0O,. Typically, the crude products were recrystallized
from iPrOH or EtOAc, and the yield and characterization is reported for only the first crop of
crystals. Where recrystallizations failed, products were purified by silica gel chromatography as

indicated.
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2-(2,4-difluorophenoxy)-5-nitropyridine (6) was synthesized according to an adapted protocol.
To a solution of 2-chloro-5-nitropyridine (0.951 g, 6 mmol, 1 eq) in acetone (40 mL) was added
2,4-difluorophenol (0.56 mL, 6 mmol, 1 eq) and potassium carbonate (0.954 g, 6.9 mmol, 1.15
eq). The reaction mixture was heated to reflux overnight and then worked up according to the
general protocol. The product was recrystallized from iPrOH to give pale yellow needles (1.10 g,
73%). 'H NMR (400 MHz, de-DMSO): § 9.02 (d, J = 2.8 Hz, 1H), 8.66 (dd, J = 9.0, 2.7 Hz, 1H), 7.54-
7.40 (m, 2H), 7.2 (t, J = 8 Hz, 1H).

2-(4-fluorophenoxy)-5-nitropyridine (7) was recrystallized from iPrOH to give a yellow solid (96
mg, 46%): "H NMR (400 MHz, de-DMSO): § 9.03 (d, J = 2.8 Hz, 1H), 8.62 (dd, J = 9.4, 2.8 Hz, 1H),
7.31-7.27 (m, 5H).

2,4-difluoro-1-(4-nitrophenoxy)benzene (8) was purified by silica gel column chromatography
using 2% EtOAc in hexanes as eluent to give a clear oil (65 mg, 33%): ‘*H NMR (400 MHz, d¢-
DMSO): 8.24 (d, J = 8.8 Hz, 2H), 7.58-7.46 (m, 2H), 7.25-7.19 (m, 1H), 7.15 (d, J = 9.2 Hz, 2H).

1-(4-fluorophenoxy)-2,4-dinitrobenzene (9) was recrystallized from iPrOH (107 mg, 50%): ‘H
NMR (400 MHz, de-DMSO): & 8.9 (s, 1H), 8.46-8.42 (m, 1H), 7.41-7.34 (m,4H), 7.18-7.15 (m, 1H).

1-(2-fluorophenoxy)-2,4-dinitrobenzene (10) was recrystallized from iPrOH to give a yellow
crystalline solid (165 mg, 53%): "H NMR (400 MHz, de-DMSO): 8.90 (d, J = 2.4 Hz, 1H), 8.44 (dd, J
=9.2, 2.4 Hz, 1H), 7.54-7.33 (m, 4H), 7.17 (d, J = 9.2 Hz, 1H).

1-(2,4-difluorophenoxy)-2,4-dinitrobenzene (11) was recrystallized from iPrOH at -30°C
overnight to give yellow needles (170 mg, 75%; a repeat reaction on a larger scale yielded 2.70
g, 62%): 'H NMR (400 MHz, de-DMSO): 6 8.9 (d, J = 2.4 Hz, 1H), 8.43 (dd, J = 8, 2 Hz, 2H), 7.68-
7.57 (m, 2H), 7.30-7.22 (m, 2H).

2-(2,4-difluorophenoxy)-1,3-dinitrobenzene (12) was recrystallized from iPrOH to give a yellow

powder (94 mg, 42%): "H NMR (400 MHz, dg-DMSO): 6 7.69 (d, J = 5.6 Hz, 2H), 6.98 (t, J = 5.6,
1H), 6.69-6.65 (m, 1H), 6.23-6.18 (m, 2H).
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3-nitro-phenoxypyridine (18) was synthesized according to an adapted protocol. To a solution
of 2-chloro-5-nitropyridine (0.476 g, 3 mmol, 1 eq) in acetone (20 mL) was added phenol (0.28
mL, 3 mmol, 1 eq) and potassium carbonate (0.350 g, 3.45 mmol, 1.15 eq). The reaction mixture
was heated to reflux overnight and then worked up according to the general protocol. The
product was recrystallized from EtOAc (313 mg, 48%): "H NMR (400 MHz, d¢-DMSO): 6 8.56 (dd,
J=8,1.6 Hz, 1H), 8.39 (dd, ) =4.8, 1.6 Hz, 1H), 7.42 (t,) = 7.6, 2H), 7.36 (dd, ) = 8, 4.8 Hz, 1H),
7.26 (t,J = 7.6 Hz, 1H), 7.20 (d, J = 7.6 Hz, 2H).

6-(2,4-difluorophenoxy)pyridine-3-amine (19) was synthesized from 2-(2,4-difluorophenoxy)-5-
nitropyridine using the same procedure used to prepare 4 and recrystallized from iPrOH to give

21 (90.6 mg, 23%): "H NMR (400 MHz, d-DMSO): 6 7.41-7.34 (m, 2H), 7.24 (dd, ) = 14.8, 9.2 Hz,

1H), 7.10-7.06 (m, 2H), 6.82 (d, J = 8.8, 1H), 5.04 (s, 2H).

2-phenoxypyridin-3-amine (21) was synthesized from 3-nitro-phenoxypyridine using the same
procedure used to prepare 4 and was used without further purification (24.7 mg, 22%): ‘H NMR
(400 MHz, d-DMSO): § 7.37 (t, ) = 7.6 Hz, 2H), 7.31 (dd, J = 4.8, 1.2 Hz, 1H), 7.14 (t, ) = 7.2 Hz,
1H), 7.07 (m, 3H), 6.86 (dd, J = 7.6, 4.8 Hz, 1H), 5.23 (s, 2H).

2-(4-iodophenoxy)-3-nitropyridine (22) was synthesized according to an adapted protocol. To a
solution of 2-chloro-5-nitropyridine (0.476 g, 3 mmol, 1 eq) in acetone (20 mL) was added 4-
iodophenol (0.66 g, 3 mmol, 1 eq) and potassium carbonate (0.350 g, 3.45 mmol, 1.15 eq). The
reaction mixture was heated to reflux overnight and then worked up according to the general
protocol. The product was recrystallized from iPrOH (412 mg, 40%). ‘H NMR (400 MHz, de-
DMSO): 6 8.59 (d, J = 8 Hz, 1H), 8.42 (d, J = 4.8 Hz, 1H), 7.79 (d, ) = 8.8 Hz, 2H), 7.4 (dd, ) = 8, 4.8
Hz, 1H), 7.07 (d, J = 8.4, 2H).

1-(3-fluorophenoxy)-2,4-dinitrobenzene (23) was recrystallized from iPrOH to give pale peach

crystals (126 mg, 41%): *H NMR (400 MHz, de-DMSO): & 8.90 (d, J = 2.8 Hz, 1H), 8.47 (dd, J = 9.2,
2.8 Hz, 1H), 7.57 (dd, J = 15.2, 8 Hz, 1H), 7.31-7.19 (m, 3H), 7.13 (d, J = 7.6 Hz, 1H).
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1-(2,4-dinitrophenoxy)-2,3,4-trifluorobenzene (24) was slowly recrystallized from iPrOH
overnight at -30°C to give pale yellow crystals (165 mg, 47%): ‘H NMR (400 MHz, de-DMSO): &
8.92(d, J=2.8 Hz, 1H), 8.44 (dd, J =9.2, 2.8 Hz, 1H), 7.55-7.39 (m, 3H).

3-(2,4-dinitrophenoxy)-1,2,4,5-tetrafluorobenzene (25) was recrystallized from iPrOH to give
cream colored crystals (88 mg, 43%): "H NMR (400 MHz, de-DMSO): 6 8.95 (d, J = 2.8 Hz, 1H),
8.46 (dd, J =9.6, 2.8 Hz, 1H), 8.11-8.02 (m, 1H), 7.65 (d, J = 9.6 Hz, 1H).

2,4-dichloro-1-(2,4-dinitrophenoxy)benzene (26) was recrystallized from iPrOH to give a pale
yellow solid (230 mg, 100%): "H NMR (400 MHz, d¢-DMSO): & 8.93 (d, J = 2.4 Hz, 1H), 8.43 (dd, J
=9.2,2.4 Hz, 1H), 7.94 (d, ) = 2 Hz, 1H), 7.63-7.53 (m, 2H), 7.18 (d, ) = 9.2 Hz, 1H).

2,4-dinitro 1-(4-(trifluoromethyl)phenoxy)-benzene (27) was recrystallized from iPrOH to give
iridescent yellow crystals (132 mg, 52%): 'H NMR (400 MHz, d-DMSO): 6 8.11 (s, 1H), 7.67 (d, J =
6 Hz, 1H), 7.07 (d, ) = 5.2 Hz, 2H), 6.64 (d, J = 5.6 Hz, 2H), 6.58 (d, J = 6.4, 1H).

1-(2,4-dimethylphenoxy)-2,4-dinitrobenzene (28) was recrystallized from iPrOH to give fine
yellow crystals (60 mg, 19%): ‘*H NMR (400 MHz, de-DMSO): & 8.89 (d, J = 2 Hz, 1H), 8.41 (dd, J =
9.2,2 Hz, 1H). 7.25 (s, 1H), 7.16 (d, J = 8 Hz, 1H), 7.09 (d, ) = 8.4 Hz, 1H), 6.93 (d, J = 9.6 Hz, 1H).

4-(2,4-dinitrophenoxy)benzaldehyde (29) was recrystallized from iPrOH to give a pale yellow
solid (154 mg, 69%): "H NMR (400 MHz, d¢-DMSO): 6 10.01 (s, 1H), 8.94 (d, J = 2.8, 1H), 8.52 (dd,
J=9.6,2.8 Hz, 1H), 8.05 (dd, J = 6.4, 2.0 Hz, 2H), 7.43 (m, 3H).

4-(2,4-dinitrophenoxy)benzoic acid (30) was purified by silica gel column chromatography using
50:50 hexanes:EtOAc, then recrystallized from iPrOH to give a yellow solid (62 mg, 21%): ‘H
NMR (400 MHz, d-DMSO): 13.08 (s, 1H), 8.95-8.90 (m, 1H), 8.53-8.46 (m, 1H), 8.26 (t, ) = 8.8 Hz,
2H), 8.05 (m, 3H).

2-(2,4-dinitrophenoxy)naphthalene (32) was recrystallized from iPrOH to give yellow crystals
(137 mg, 40%): 'H NMR (400 MHz, dg-DMSO): 6 8.93 (d, J = 2.4 Hz, 1H), 8.43 (dd, J = 8.8 Hz, 2.4,
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1H), 8.10 (d, J = 8.8 Hz, 1H), 8.0 (d, J = 7.6 Hz, 1H), 7.9 (d, J = 7.6 Hz, 1H), 7.81 (s, 1H), 7.61-7.54
(m, 2H), 7.45 (dd, J = 8.8, 2 Hz, 1H), 7.25 (d, J = 9.2 Hz, 1H).

1-(2,4-dinitrophenoxy)naphthalene (33) was synthesized on a smaller scale from 1-napthol (38
mg, 0.26 mmol, 1 eq) and 1-chloro-2,4-dinitrobenzene (53 mg, 0.26 mmol, 1 eq) with cesium
carbonate (98 mg, 0.3 mmol, 1.15 eq) and worked up as described in the general procedure. The
product was recrystallized from iPrOH to give a yellow-orange solid (39 mg, 48%): "H NMR (400
MHz, dg-DMSO): 6 8.97 (d, J = 2.4 Hz, 1H), 8.37 (dd, J =9.2, 2.8 Hz, 1H), 8.10 (d, J = 8 Hz, 1H),
7.98 (d, J = 8 Hz, 1H), 7.92 (d, J = 8 Hz, 1H), 7.65-7.61 (m, 3H), 7.45 (d, J = 7.2 Hz, 1H), 7.01 (d, J =
9.6 Hz, 1H).

5-(2,4-dinitrophenoxy)-1H-indole (34) was purified by column chromatography in 100% CH,Cl,
which gave incomplete separation. Only fractions that appeared to contain pure product (by
TLC) were pooled, from which the product was isolated (42 mg, 18% purified yield): '"H NMR (400
MHz, dg-DMSO): 9.12 (s, 1H), 8.94 (s, 1H), 8.66-8.63 (m, 1H), 8.05 (dd, J = 8.8, 1.6 Hz, 1H), 7.45 {(t,
J=2.8,1H),7.05(d, ) = 8.4, 1H), 6.98 (s, 1H), 6.7 (d, J = 8.8, 1H), 6.66 (s, 1H).

2-(2,4-dinitrophenoxy)-6-methylpyridine (37) was recrystallized from iPrOH to give pale yellow
needles (159 mg, 75%): "H NMR (400 MHz, dg-DMSO): & 8.86 (d, J = 2.8 Hz, 1H), 8.70 (dd, J = 9.2
Hz, 2.4 Hz, 1H), 7.86 (t, ) = 7.6 Hz, 1H), 7.70 (d, J = 9.2 Hz, 1H), 7.11 (d, J = 7.6 Hz, 1H), 7.07 (d, J =
8.4 Hz, 1H), 2.26 (s, 3H).

1-(3,5-dimethylphenoxy)-2,4-difluorobenzene (38) was synthesized via a Chan-Lam coupling. To
a stirring suspension of copper (ll) acetate monohydrate (300 mg, 1.5 mmol, 1.5 eq) in CH,Cl,
(10 mL) containing 4A molecular sieves was added 2,4-difluorophenol (95 pL, 1 mmol, 1 eq),
pyridine (161 uL, 2 mmol, 2 eq), and 3,5-dimethylphenylboronic acid (330 mg, 2.2 mmol, 2.2 eq).
The reaction was allowed to proceed at room temperature open to the air overnight (12 hours),
then filtered through Celite, acidified with 1 N HCI (20 mL) and extracted with in CH,Cl, (3 x 20
mL). The organic layers were washed with brine and dried with Na,SO,, then evaporated under
rotary vacuum to leave the crude product as a brown oil. The product was purified by silica gel

chromatography using 5% EtOAc in hexanes as eluent to yield 40 as a pale yellow-orange oil (18
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mg, 8%): "H NMR (400 MHz, de-DMSO): & 7.46-7.43 (m, 1H), 7.25-7.19 (m, 1H), 7.12-7.07 (m,
1H), 6.73 (s, 1H), 6.55 (s, 2H), 2.22 (s, 6H).

2-((2,4-dinitrophenyl)thio)pyridine (39) was synthesized according to the general procedure for
nucleophilic aromatic substitutions using 2-mercaptopyridine in place of a substituted phenol.
The product was recrystallized from iPrOH to give yellow needles (184 mg, 86%): MS m/z 278.4
(M+H); *H NMR (400 MHz, d¢-DMSO): 68.9 (d, J = 3.65, 1H), 8.68-8.66 (m, 1H), 8.37 (dd, J = 8.8,
2.5 Hz, 1H), 7.98-7.96 (m, 1H), 7.79 (d, J = 7.82 Hz, 1H), 7.53 (dd, J = 7.6, 4.9 Hz, 1H), 7.44 (d, ) =
9.0, 1H).

2,4-dinitro-N-phenylaniline (40) was recrystallized from iPrOH to give fuzzy, deep orange
crystals (48 mg, 24%): "H NMR (400 MHz, d¢-DMSO): § 10.16 (s, 1H), 8.89 (d, J = 2.4 Hz, 1H), 8.22
(dd, J = 9.60, 2.44, 1H), 7.52 (t, ) = 7.6 Hz, 2H) 7.40-7.35 (m, 3H), 7.10 (d, J = 9.6 Hz, 1H).

(2,4-difluorophenyl)(2,4-dinitrophenyl)sulfane (41) was synthesized according to the general
procedure but with 2,4-difluorothiophenol instead of a phenol. The reaction proceeded more
quickly than the analogous reactions with phenols, requiring only 2 hours at room temperature
to proceed to completion by TLC (50:50 EtOAc:hexanes). The product was worked up according
to the general procedure and the recrystallized with iPrOH to yield pure 43 (1.56, 76%): ‘H NMR
(400 MHz, d¢-DMSO): 6 8.89 (s, 1H), 8.31 (d, 1H), 7.91-7.80 (m, 1H), 7.63-7.59 (m, 1H), 7.37-7.33
(m, 1H), 7.05 (d, J = 9.2H, 1H).

N-(2,4-difluorophenyl)-2,4-dinitroaniline (42) was synthesized according to the general
procedure but with 2,4-difluoroaniline instead of a phenol and triethylamine as the base. The
product was worked up extractively according to the general protocol but was used without
further purification: 44 (1.56, 76%): "H NMR (400 MHz, ds-DMSO): & 8.92 (d, 1H), 8.48-8.43 (m,
2H), 7.68-7.62 (m, 2H), 7.45 (d, 1H), 7.37 (d, 1H), 7.29 (d, 1H).

Methyl 4-(4-fluorophenoxy)benzoate (43) was synthesized via a Chan-Lam coupling. To a
stirring suspension of 4-methoxycarbonylphenylboronic acid (32 mg, 0.18 mmol, 1 eq) in
anhydrous CH,Cl, (3.5 mL) containing 4 A molecular sieves was added 4-fluorophenol (40 mg,

0.39 mmol, 2.2 eq), pyridine (31 uL, 0.36 mmol, 2 eq), and copper (ll) acetate (48 mg, 0.267
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mmol). The reaction was allowed to proceed at room temperature open to the air for 6 h, then
was filtered through Celite, acidified with 1 N HCI (20 mL) and extracted with in CH,Cl, (3 x 20
mL). The organic layers were washed with brine and dried with Na,SO,, then evaporated under
rotary vacuum to leave the crude product as a brownish oil. The product was purified by silica
gel chromatography using 5% EtOAc in hexanes as eluent to yield 40 as a colorless oil, which
crystallized upon standing (68 mg, 82%): "H NMR (400 MHz, de-DMSO): & 7.94 (d, J = 8.8 Hz, 2H),
7.30-7.26 (m, 2H), 7.19-7.16 (m, 2H), 7.01 (d, J = 8.8 Hz, 2H).

2,5-difluorophenyl 4-nitrobenzoate (44). 4-nitrobenzoyl chloride (2 g, 10.8 mmol, 1 eq) was
dissolved in CH,Cl, (40 mL). 2,4-difluorophenol (1.5 g, 11.9 mmol, 1.1 eq) was then added,
followed by triethylamine (1.82 mL, 14.0 mmol, 1.3 eq). The reaction was allowed to stir at RT
for 8 hours, then worked up by addition of saturated aqueous NaHCOs (50 mL) and extracted
with CH,Cl; (3 x 30 mL). The combined organic layers were washed with brine and dried with
Na,S0O,, then evaporated under rotary vacuum to leave the crude product as a yellow powdery
solid, which was recrystallized from iPrOH to yield pure 46 (1.93 g, 64%; a repeat reaction on a
larger scale yielded 4.91 g, 81%): "H NMR (400 MHz, d¢-DMSO): & 8.4 (d, J = 10 Hz, 4H), 7.61-7.53
(m 2H), 7.23 (s, 1 H).

2,4-dinitrophenyl 2,4-difluorobenzoate (45). 2,4-dinitrophenol stabilized with water (2.4 g,
~12.4 mmol, ~1.1 eq) was added to a 100 mL round-bottomed flask and dissolved in CH,Cl, (40
mL). Activated powdered molecular sieves (4A) were added to absorb the water from the
reagent. 2,4-difluorobenzoyl chloride (1.4 mL, 11.3 mmol, 1 eq) was added via syringe, followed
by triethylamine (1.82 mL, 14.0 mmol, 1.3 eq). The color of the solution immediately lightened
from a vivid yellow to a pale yellow. The reaction was allowed to stir at RT for 8 hours, then was
worked up by addition of saturated aqueous NaHCO; (50 mL) and extracted with CH,Cl, (3 x 30
mL). The combined organic layers were washed with brine and dried with Na,SO,, then
evaporated under rotary vacuum to leave the crude product as a bright yellow solid, which was
recrystallized from iPrOH to yield pure 46 as yellow needles (2.44 g, 66%): "H NMR (400 MHz, d-
DMSO0): 6 8.93 (d, J = 2.4 Hz, 1H), 8.71 (dd, J =9.2, 3.2 Hz, 1H), 8.28-8.22 (m, 1H), 8.00 (d, J = 8.8
Hz, 1H), 7.60-7.55 (m, 1H), 7.40-7.35 (m, 1H).
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4,4’-((4,6-dinitro-1,3-phenylene)bis(oxy))bis(1,3-difluorobenzene) (46) was synthesized
according to the general procedure for nucleophilic aromatic substitutions, except that 2.5 eq of
2,4-difluorophenol (1.0 mL, 10.5 mmol) and 4 eq of cesium carbonate (5.5 g, 16.9 mmol) were
reacted with 1,5-dichloro-2,4-dinitrobenzene (1.0 g, 4.2 mmol, 1 eq) in DMF (40 mL). TLC in
90:10 hexanes:EtOAc indicated that the reaction was complete after stirring for about 15 min at
RT, at which point the reaction mixture was filtered to remove the cesium carbonate, acidified
with the addition of 1 N HCI (100 mL) and extracted with EtOAc (3 x 40 mL). The organic layers
were washed with brine and dried with Na,SO,. The crude product was recrystallized from
isopropanol to yield 48 as pale yellow crystals (1.13 g, 63%): "H NMR (400 MHz, ds-DMSO): &
8.98 (s, 1H), 7.55-7.49 (m, 2H), 7.46-7.40 (m, 2H), 7.17-7.15 (m, 2H), 6.43 (s, 1H).

1,4-bis(2,4-dinitrophenoxy)benzene (47). 1-chloro-2,4-dinitrobenzene (3.7 g, 18.2 mmol, 2 eq)
was dissolved in DMF (50 mL) and hydroquinone (1 g, 9.1 mmol, 1 eq) was added. Triethylamine
(0.78 mL, 20 mmol, 2.2 eq) was added, which caused a color change from bright yellow-orange
through red, then brown, then green. After 3 h of stirring at RT TLC in 50:50 EtOAc:hexanes still
showed starting material 1-chloro-2,4-dinitrobenzene, but also showed several other spots, so
the reaction was stopped. The pH of the reaction mixture was determined to be 5.5, so it was
neutralized with the addition of saturated aqueous NaHCO; (50 mL) and extracted with EtOAc (3
x 40 mL). The organic layers were washed with brine and dried with Na,SO,4. The crude product
was recrystallized from isopropanol to yield 49 (720 mg, 18%): "H NMR (400 MHz, ds-DMSO): &
8.92 (d,J =2.8 Hz, 1H), 8.46 (dd, ) = 9.6, 2.8 Hz, 2H), 7.45 (s, 4 H), 7.31 (dd, J= 9.6, 2.8 Hz, 2H).

4.12. Notes

The fragment-based screen by NMR was carried out with Tomek Cierpicki and help from
members of the Cierpicki laboratory, especially George Lund. The Klevit laboratory provided a
vector containing the Hsp27 core domain as well as purified, isotopically labelled protein that
was used in the original primary screen. Xiaokai Li is gratefully acknowledged for synthetic
chemistry advice. Phani Ghanakota ran the MixMD simulation with Heather Carlson, and made
suggestions on additional compounds to synthesize for Site 3. Brian DeVrees carried out the
pilot differential scanning fluorimetry screen that resulted in the identification of captopril for
Site 1. The affinities of full length BAG3 and IX| peptides binding to Site 2 were determined by

isothermal calorimetry experiments carried out by Jennifer Rauch and Rebecca Freilich in the
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Gestwicki laboratory. Rebecca Freilich is leading the tethering screening effort for Site 1 and co-

crystallization efforts for each of the ligand binding sites.
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Chapter 5

Conclusions and Future Directions

5.1. Conclusions

Small heat shock proteins are important molecular chaperones that are poorly understood
despite widespread interest in their disease-modifying capacity. We were interested in sHsps
not only because of their demonstrated therapeutic value, but also because they are
emblematic of a large number of potential drug targets identified through recent genome-wide
association studies. sHsps have many features of so-called ‘undruggable’ targets, as discussed in
Chapter 1, and they therefore represented an interesting test case for the application of
computational and biophysical ligand discovery strategies. We reasoned that discovery
strategies that proved useful for sHsps might also be valuable for many other non-enzymatic
and chemically unvalidated potential targets. The goal of this thesis was to identify small
molecule modulators of sHsps, and in doing so to understand the utility of a number of different
ligand discovery techniques for non-canonical targets. | intended to develop chemical tools that
would enable the study of these enigmatic proteins by perturbing the structure and function in

predictable ways, potentially informing the development of future therapeutic agents.

As discussed in Chapter 2, it quickly became clear that sHsps were prone to aggregation, which
led to the hypothesis that sHsp ligands might be useful as pharmacological chaperones (PCs).
PCs act by stabilizing native conformations of proteins to discourage unfolding and aggregation.
Together with others inside and outside of the laboratory, | applied a number of orthogonal
ligand identification strategies that were introduced in Chapter 1 to target sHsps. Collectively,
these efforts resulted in four small molecule or peptidic scaffolds that engage three distinct sites
within the conserved a-crystallin domain of at least two sHsps (Figure 5.1). In Chapter 3, we
described the development of a class of oxysterol ligands for aB-crystallin that prevent and
reverse the protein aggregation associated with cataracts; this scaffold is being further

developed as a potential therapeutic for the treatment of cataracts. In Chapter 4, we described
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the application of computational approaches, differential scanning fluorimetry, fragment-based
NMR screening and rational design to identify ligands for Hsp27. We identified chemical matter
that engaged three binding sites within Hsp27, and found that short peptides engaging one site
can also act as PCs. Thus, despite the absence of sHsp enzymatic activity, known small molecule
binding sites, or previously known small molecule ligands, we identified PCs that bind to two

distinct sites.

£

/7R

oxysterols

aB-crystallin
(Chapter 3)

diarylethers
Hsp27

(Chapter 4)

peptides or
peptidomimetics

thiol-reactive
molecules

Figure 5.1: Biophysical methods for ligand discovery for the ‘undruggable’ sHsps resulted in four scaffolds with affinity
for three distinct sites in the conserved core a-crystallin domains of aB-crystallin and Hsp27, representing important
first steps towards the development of chemical probes and potential therapeutics targeting sHsps.

In post-genomic target identification, the identification of first-in-class ligands is an important
step towards the development of therapeutics targeting new proteins. Newly discovered
disease-modifying targets can be genetically validated through genome-wide association
studies, the study of point mutations, and animal models. However, such targets must also be
‘chemically validated,” demonstrating the presence of function-modifying binding sites that can
accommodate ligands with good affinity. This work may be a useful precedent for PC or other
ligand discovery for new non-canonical or challenging targets; the strengths and weaknesses of
the approaches applied in this thesis should inform the future design of screening campaigns

against other ‘undruggable’ targets.
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In the next sections, | will discuss some ideas for how this thesis might provide a framework for
the further development of ligands and potential therapeutics for sHsps, as well as the

application of these principles to other non-canonical targets.

5.2. Future directions

5.2.1. Immediate next steps in ligand development for sHsps

The immediate goals for further development of ligand development for aB-crystallin are
translational in nature, while the immediate next steps for Hsp27 ligands are oriented more
towards chemical biology. The pharmacological chaperones for R120G aB-crystallin that were
discussed in Chapter 3 will be developed as potential therapeutics for the treatment of
cataracts; first, their safety and efficacy will be evaluated in animal models of disease, and the
pharmacokinetics of the lead molecules in the lens will be systematically studied. Important
outstanding questions will be addressed. First, the duration of therapeutic effect will be studied:
once cataract is reversed, does protein aggregation recur? How long after the molecule is
excreted from the lens tissue does this happen? Second, the mechanism of oxysterol action will
be further investigated: what quaternary forms of aB-crystallin are favored by small molecule
treatment in vivo? Does oxysterol binding cause the protein to revert back to native-like
oligomers? Can we observe and measure the recovery of aB-crystallin chaperone function
towards other lens structural proteins in vitro? Additionally, second-generation molecules based
on this scaffold and on potential hits identified from a second, larger high-throughput screen

will be developed.

On the other hand, each Hsp27-binding scaffold will be evolved into high-affinity, specific, cell-
permeable probes for Hsp27 biology targeting each binding site described in Chapter 4. Co-
crystal structures of each molecule with the Hsp27 a-crystallin domain are expected to
significantly facilitate these efforts. Another graduate student in the Gestwicki laboratory,
Rebecca Freilich, is already working towards these goals. Tight-binding scaffolds that engage
each site should inform our understanding of allostery within the Hsp27 structure. Site 2, the
site of the endogenous protein-protein interaction, appears to be promising as a
pharmacological chaperone binding site and may also accommodate inhibitors of the

homomeric (Hsp27-Hsp27) and heteromeric (Hsp27-BAG3) protein-protein interactions.
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There is still a long way to go to develop aB-crystallin PCs for the treatment of cataracts and the
remaining scaffolds into useful tools for sHsp chemical biology; this work represents a very early
effort to identify small molecule modulators of small heat shock proteins. However, by analogy
with the Hsp70 chemical biology work carried out in the Gestwicki lab over the past nine years,
further elaboration of these scaffolds and binding sites is expected to accelerate the

comprehensive study of these interesting and unusual chaperones.

5.2.2. The use of chemical probes to address outstanding questions in sHsp biology

As discussed in Chapter 2, aggregation of these proteins appears to be an important
contributing factor to the pathology associated with many of the disease-causing mutations. But
what regulates the function of the native conformations of the proteins? Do discrete structures
have exposed client-binding regions with various properties, and can chemical probes be
identified which stabilize those discrete structures? Pharmacological chaperones are molecules
that preferentially stabilize native forms of a protein to prevent unfolding and aggregation, but
can this principle be extended to the identification of molecules that stabilize a particular native
conformation of a protein? While the ligands identified in this body of work appear to
differentiate between native and non-native conformations, can tools be identified which
stabilize one native conformation over another native conformation? Analogues for this type of
PC exist in other areas of biology. For example, recent work identified a peptidic inhibitor of
caspase-6 that stabilizes an inactive, tetrameric conformation of the protein (1). Even some
ligands from classic pharmacology might, in fact, act via a PC mechanism; for example, recent
studies suggest that nicotine exerts its effects by thermodynamically stabilizing a single
conformation of the acetylcholine receptor (2, 3). However, our emerging understanding of sHsp
structure is one of a dynamic, fluid system made up of a number of low-affinity interactions, and
there is a dearth of structural knowledge of the full-length proteins. It remains to be seen if
small molecules can be identified which differentiate between native tertiary or quaternary

structures.

An extension of the screening strategies used in this work might explicitly address this question,
using a technique that directly reports on the native, quaternary structure of an sHsp. For
example, a high-throughput size based separation technique like capillary electrophoresis or

thermophoresis could be leveraged to directly screen for molecules that perturb the quaternary
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structure of Hsp27. Techniques such as SEC-MALS, analytical ultracentrifugation, small angle x-
ray scattering, and electron microscopy would be useful for the lower-throughput
characterization of conformations favored by hits identified in such platforms and their
subsequent optimization. If a set of small molecules favoring distinct native-like quaternary
conformations could be identified, such a toolkit would be fascinating to study in a cellular
context. The ultimate goal of this discovery effort would be to identify a molecule that could
activate the protein in a disease model to phenocopy genetic modulation of protein expression
level. As discussed in Chapter 1, a small molecule that could increase the concentration of an
‘active’ chaperone conformation of an sHsp and phenocopy overexpression would be expected
to be powerfully protective in neurodegeneration and in many other diseases of protein

misfolding as well.

5.2.3. Development of first-in-class ligands for nontraditional or ‘undruggable’ targets

A generalized flowchart for target validation and discovery in the post-genomic era might look
like the one presented in Figure 5.2. Many targets are identified through genome-wide
association studies, in which proteins are overexpressed in response to disease conditions and
thereby implicated in pathology. However, a subset of those also have disease-associated point
mutations that cause congenital manifestations of similar ilinesses in a small patient population.
An even smaller subset may have proof-of-concept in modifying the progression of disease in
animal models. Non-canonical targets that possess two or three of these characteristics may be
most promising for discovery efforts. In addition to providing support for the disease-modifying
capacity of the target, point mutations that modify the target’s activity provide a starting
framework for differentiating healthy and pathological characteristics of the protein of interest,
and suggest an avenue towards the identification of activity-modifying ligands. Small heat shock
proteins, especially Hsp27 and aB-crystallin, have all three of these types of genetic evidence

supporting their promise as therapeutic targets.

In an ideal situation, parallel development paths would be taken. One workflow would be
focused on understanding the effects of the mutations on relevant protein-protein interactions,
substrate or ligand interactions, enzyme activity if the target has such, subcellular trafficking or
localization, protein folding and stability, tertiary and quaternary structure, and post-

translational modifications. One of the unanticipated difficulties surrounding this project and
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discovery against non-enzymes in general is the lack of appropriate secondary follow-up assays.
Thus, concurrent with discovery efforts, the development of bioassays that report on relevant
biological activity is essential. A parallel workflow might resemble the work undertaken against
Hsp27 in Chapter 4: first, structurally characterize the target, in whole or in part, and then use a
validated computational technique (like MixMD) or experimental techniques (like solvent
mapping by NMR or fragment-based screening) to identify ligandable binding sites in the target.
Then, suitable screening techniques can be applied to generate first-in-class ligands for any
identified pockets. Once ligands are identified, they may then be characterized for activity in
each category in the left-hand column of Figure 5.2. The iterative process of optimization of
subsequent screening hits, the continuing assessment and improvement of useful bioassays for
probing the target’s biological function, and the understanding of the target’s biological function

can all subsequently improve in parallel.

point mutations in the
potential target
are known to cause
hereditary disease

potential target gene
is over/underexpressed
in patient samples

animal models confirm the
potential target’s role in
modifying disease

biological validation chemical validation
characterize the effects structurally
of disease-related 3 characterize
mutations target
develop in vitro computationally
bioassays that reporton  [&—— identify ligand
target activity binding sites
develop cellular

assays that report on ¢ — screen for ligands
target activity

Figure 5.2. General workflow for the identification of ligands for non-canonical targets.

A 2011 analysis suggested that only 435 unique biomolecules in the human genome are the
targets of therapeutic drugs (4). The same study found that in an average year, only four new

drugs are approved that hit novel targets in the human genome, and the majority of those
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targets are enzymes, receptors, or transporters (4). To truly leverage the wealth of knowledge
that genomics provides supporting the identification of new drug targets, it is important to work
towards expanding the definition of ‘druggable,” and develop approaches that are tailored for
targets other than enzymes and receptors. As discussed in Chapter 1, this means expanding our
armamentarium of chemical libraries and screening techniques. Lastly, the broader utility of the
pharmacological chaperone concept should be explored, especially in diseases of protein

misfolding.

5.3. Closing thoughts: the concept of ‘druggability’ is evolving

Are sHsps ‘druggable’ targets? When | began this project, | envisioned the discovery of allosteric
small molecules that perturbed structure in a targeted way, i.e. by shifting the oligomerization
of an sHsp towards dimers or tetramers, or by altering the tertiary structure in such a way that a
high-affinity substrate binding site was exposed. Our screening efforts were in theory open-
ended enough to enable the discovery of such molecules, though they were not biased towards
that end. However, as it turned out, the major contribution of this work was the discovery and
development of molecules that stabilize the native fold over non-native species as opposed to
molecules that distinguish between native quaternary or tertiary structures. We learned that
many of the pathological mutations in sHsps cause gain of toxic function aggregation, and we
identified molecules that bind to native conformations to disfavor (and even to reverse) the
aggregation of these proteins. Our hypotheses have evolved and become better suited to the
study of sHsps, given an understanding of their complexities and a practical knowledge of the
assays that are amenable for their study. Pharmacological chaperones that discriminate
between native tertiary and quaternary conformations of sHsps are conceptually intriguing as
tools for chemical biology, but their discovery may require a more focused approach and would

certainly be facilitated by a better structural understanding of sHsps.

In a broader sense, | want to highlight a fundamental dilemma associated with categorizing
‘druggable’ targets and ‘drug-like’ molecules on the basis of past success stories (5). If we
categorize ‘druggable’ targets as only those that resemble successfully drugged targets, and
‘drug-like’ small molecules as only those that resemble current FDA-approved compounds, then
we limit innovation and exclude the possibility that either target space or drug space might be

expanded by new technology. In other words, until we try — and fail — it is not clear that any
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target is ‘undruggable’ and, even then, it is only ‘undruggable’ under the current paradigm.
Accordingly, we have focused this thesis on exploring high-throughput methods for selecting
ligands with affinity for non-canonical targets. These methods have been used against small
heat shock proteins, targets that lack enzymatic activity, structural information, existing ligands,
or known ligand binding sites. Because of these characteristics, small heat shock proteins are
challenging examples of non-canonical targets. However, using multiple methods, | show that
they are amenable to drug discovery. Combined with efforts to expand chemical space and
enrich for modulators of non-canonical targets, these advances are helping to expand the
definition of ‘druggable’. However, it is unlikely that these examples represent the final word on

drug discovery for post-genomic targets. The real lesson is that no target is ‘undruggable’.
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Appendix

Evaluation of a differential scanning fluorimetry platform to identify
ligands of the transcription factor HSF1

A.1. Abstract

HSF1 is a compelling therapeutic target for diseases in which proteostasis is dysregulated,
including neurodegenerative diseases (1). Like sHsps, HSF1 is a noncanonical target for drug
discovery: it lacks enzymatic activity, known small molecule ligands and known ligand binding
sites. We evaluated differential scanning fluorimetry as a potential screening platform for the
identification of ligands for HSF1. This appendix describes a series of experiments undertaken in
order to optimize the performance of the DSF platform for the analysis of HSF1 and describes a
DSF pilot screen targeting this important transcription factor. The results of the pilot screen and
a partial reconfirmation effort are presented, and alternative screening strategies are discussed.
Initial efforts to characterize domain constructs of HSF1 by electron microscopy are also

presented, along with future directions for this project.

A.2. HSF1 is the master regulator of the heat shock response

Chaperone proteins are upregulated in response to a number of cellular stresses, including
elevated temperature, oxidative stress, exposure to heavy metals, inflammation, and infection.
Molecular chaperones operate as an interconnected network to maintain proteostasis under
such stresses. Heat shock transcription factor 1 (HSF1) coordinates and controls the cellular heat
shock response by mediating the expression of each stress-inducible chaperone (2). Its
transcriptional activity is tightly regulated by a number of factors, including complexation with
chaperone proteins, quaternary structure, subcellular localization, and post-translational
modifications (1). Targeting HSF1 may enable the coordinated upregulation of generally

protective stress-responsive chaperones at the level of transcription (1).

A.2.1. Activation of HSF1
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Activation of HSF1 is a highly regulated process. Under unstressed conditions, HSF1 is localized
in the cytoplasm in a metastable state, bound to Hsp90, Hsp70, and other chaperones (3). Under
proteotoxic stress conditions, increased levels of unfolded proteins compete with HSF1 for
binding to the chaperone components of the multiprotein complex, freeing HSF1 from Hsp90 (1,
4). HSF1 can then homotrimerize and translocate to the nucleus. Trimerization is mediated by
three leucine zipper domains near the N-terminus of the protein and enforced by oxidation of
disulfide bonds and phosphorylation of serine residues (5, 6). Inside the nucleus, the HSF1
trimer can bind to cis-acting heat shock elements in the promoter regions of heat shock genes,
consisting of repeating nGAAn sequences. After binding to DNA, HSF1 releases Hsp70 and its co-
chaperones (7). HSF1 is then sumoylated and recruits the transcriptional elongation factor p-
TEFb and RNA polymerase Il, thus initiating increased expression of heat shock proteins. The
residence of HSF1 on its promoter regions is regulated by a negative feedback loop; increased
expression of chaperone proteins eventually favors sequestration of HSF1 in the cytoplasm (2, 8§,

9).

* release of Hsp90
* trimerization
* oxidation of S-S

* phosphorylation
* release of Hsp70 & Hsp40

* transient sumoylation
* recruitment of p-TEFb & RNA pol Il

feedback inhibition
HSF1 is acetylated, then dephosphorylated,
reduced, & recycled or degraded (?)

Figure A.1. HSF1 trimerizes, translocates to the nucleus, and initiates expression of heat shock proteins in response to
stress conditions. Adapted from (2).

A.2.2. Domain structure of HSF1

HSF1 is a 529-residue, 57-kDa multidomain protein (Figure A.2). The N-terminus contains a wing-
turn-helix DNA binding domain and three leucine zippers that mediate trimerization of the
transcription factor. Deletion of the leucine zipper repeats impairs trimerization, accompanied

by a reduced heat shock response in cells (2). The leucine zipper repeat domain is followed by a
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20 kDa middle regulatory domain that is proposed to interact with Hsp90. This region is
extensively modified by phosphorylation, sumoylation, and acetylation (4, 7, 8, 10). A fourth
leucine zipper (LZ4) appears to repress trimerization by interacting with the first three leucine
zippers in the monomeric conformation (2, 11). Finally, the extreme C-terminus contains an
acidic, intrinsically disordered transactivation domain, which is thought to contain the binding
site for Hsp70 (2).

RD: Region of HSF1 that is proposed
to interact with Hsp90. Extensive

PTM including phosphorylation,
/ acetylation, and sumoylation

~
AD: Acidic transactivation domain,
perhaps unstructured, interacts
with Hsp70 (negative feedback)

LZ4: Proposed to repress trimerization
through an intramolecular interaction
with LZ1-3. Point mutations in LZ4

LZ1-3: Leucine zipper
trimerization domain.

Deletion impairs \
trimerization + reduces heat

shock response.

DBD: DNA binding _—"

domain. Crystal

structhes have been AnGAANNTTChnGAANN result in constitutive trimer
determined

NN RARE RN

nnCTTnnAAGnnCTTnn
1 15 123 137 198 384 416 529

Figure A.2. Domain architecture of HSF1 and idealized heat shock element sequence.

A.2.3. HSF1 is a non-canonical therapeutic target

HSF1 activation deploys higher levels of expression of chaperones, including sHsps. For this
reason, activation of HSF1 may be a promising therapeutic strategy in diseases of protein
misfolding (2). A small molecule modulator could activate HSF1 in a number of different ways. A
ligand could directly bind HSF1 and inhibit its interaction with chaperones in the cytoplasm,
favoring diffusion into the nucleus; it could induce or stabilize trimerization, which would be
expected to favor DNA binding; or it could otherwise stabilize the HSF1-nucleic acid complex.
Similar to sHsps, HSF1 activation confers a selective advantage to cancer cells, which have to
survive under stress conditions. Thus, a pharmacological means to activate or upregulate HSF1
would be expected to be protective in protein—misfolding associated neurotoxicities, but
inhibition of HSF1 would be preferable in cancers (1, 2). There is a lack of detailed mechanistic

understanding of the mechanism of action of HSF1 and especially its protein-protein
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interactions. Chemical probes that tune its structure and DNA-binding capacity in predictable

ways in vitro would be invaluable tools for HSF1 biology in cell culture and in vivo (1).

However, HSF1 does not have known small molecule binding sites, and its protein-protein
interactions are poorly characterized. It lacks structural characterization with the exception of
its conserved DNA binding domain. DNA binding domains are notoriously difficult targets due to
the electrostatic character of nucleic acid binding interactions (12). Moreover, HSF1’s DNA
binding activity is the only robust in vitro metric associated with its structure and function; like
sHsps, it lacks intrinsic enzymatic activity. Its homo-oligomerization is linked to regulation of its
transcriptional activities, further complicating ligand discovery efforts. Chemical validation of
HSF1 as a potential therapeutic target necessitates asking the same types of questions that
apply to sHsps: Are there ligand binding pockets? Can molecules be found which modulate its
structure and function? What is the ‘active’ conformation of the protein? What does it mean to
activate or inhibit HSF1? How can one design a screen for allosteric small molecule modulators?
Because HSF1 represents an interesting target and because its study could benefit from
identified ligands, we considered strategies for screening against HSF1. We chose to examine

differential scanning fluorimetry as a method for the identification of small molecule ligands.

A.3. Characterization of HSF1 by differential scanning fluorimetry

Differential scanning fluorimetry is a stability-based, label-free biophysical screening technique,
introduced in Chapter 1 and applied to sHsps in Chapters 3 and 4. DSF is well suited to the
identification of ligands that interact with a target protein in the absence of knowledge of ligand
binding sites, and is not impeded by conformational heterogeneity. The technique is high-
throughput, uses small amounts of protein, and is amenable to discovery in the absence of
target enzymatic activity. Ligands contribute free energy of binding to native or nonnative forms
of the protein or otherwise favor alternative conformations that exhibit differential stabilities.

We wanted to assess the utility of DSF for the identification of HSF1 ligands.

Recombinantly expressed and purified HSF1 was found to be well behaved in the DSF platform,
giving consistent sigmoidal melting curves with midpoints ranging from 33.0°C and 47.0°C,
depending on the composition of the buffer used in the assay. We first wanted to examine the

effect of DNA binding on the melting temperature of HSF1. An idealized 22-base double-
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stranded heat shock element oligonucleotide was used as a model of a heat shock promoter.
The sequence of this oligonucleotide is 5-CCTGGAATATTCCCGAACTGGC-3’, where the HSF1
recognition sequences are indicated in bold and underlined. This sequence can accommodate
the binding of a trimer of HSF1. A 22-base double-stranded oligonucleotide with each binding
site mutated to nonbinding sequences, 5-CCTGGCGTAGTCCCCGCCTGGC-3’, was used as a

negative control. The heat shock element-containing oligonucleotide (HSE) was found to bind to
purified monomeric HSF1 with an apparent affinity of 122.9 + 25.1 nM by a fluorescence
polarization binding assay, while the negative control (HSE mutant) did not exhibit detectable
binding up to 300 nM. In the differential scanning fluorimetry platform, the HSE oligonucleotide
induced a large and dose-dependent increase in melting temperature of monomeric HSF1, while

the HSE mutant oligonucleotide had no effect (Figure A.3).
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Figure A.3. Binding of HSE but not the HSE mutant induces a large and dose dependent increase in the apparent
thermal stability of HSF1.

This suggested that DSF might be a sensitive platform for reporting on the interaction of ligands
with HSF1. Next, we wanted to optimize the conditions of this assay with the goal of carrying out

a pilot high-throughput screen to identify small molecule ligands for HSF1.

A.4. Optimization of screening conditions

Prior to carrying out a pilot screen to evaluate the utility of the differential scanning fluorimetry
platform for the identification of ligands for HSF1, each component of the assay was
systematically optimized. First, the effect of DMSO was determined by systematically varying
DMSO concentration from 0 to 5%. The environmentally sensitive chromophore used in this
assay, l-anilinonaphthalene-8-sulfonic acid, was prepared in a stock solution of DMSO and

contributed an additional 0.15% DMSO to each sample. DMSO was found to have no effect on
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melting temperature of wild type HSF1 alone or on the change in T,, observed upon binding a

stoichiometric ratio of HSE DNA.
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Figure A.4. DMSO concentration does not affect the change in Tm from HSE binding. DMSO was systematically varied
from 0.15% (sample 1) to 5.15% (sample 7). In the bar graph, each value is the average of four replicates, and the
error bars represent standard error. T,,s were calculated using the derivative fit. Red bars represent samples
containing a 1:1 ratio of HSE DNA to HSF1 (calculated relative to trimeric HSF1), while the blue bars represent samples
containing a 1:1 ratio of HSE mutant DNA to HSF1.

Next, the concentration of sodium chloride in the assay buffer was systematically varied, as
DNA-protein interactions are known to be sensitive to salt concentration. Indeed, lower
concentrations of salt (75 mM as shown in Figure A.5) appeared to potentiate the increase in
thermal stability associated with HSE DNA binding. This may be due to sodium ions competing
for ionic interactions with the DNA backbone. We chose to include 75 mM NacCl in the assay
buffer. Inclusion of lower salt also led to a ‘flattening’ in the HSE-bound HSF1 melting curve (see
Figure A.5) and an associated reduction in signal to noise for the HSE-bound form, but the

curves were still cleanly interpretable and the signal to noise was acceptable.
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Figure A.5. Optimization of NaCl concentration for detection of HSF1-HSE complex formation by differential scanning
fluorimetry. Sample 1 is 75 mM NacCl; 2: 100 mM, 3: 125 mM, 4: 150 mM. In the bar graph, each value is the average
of four replicates (raw curves are shown), and the error bars represent standard error. Tms were calculated using the
derivative fit. Red bars represent samples containing a 1:1 ratio of HSE DNA to HSF1 (calculated relative to trimeric
HSF1), while the blue bars represent samples containing a 1:1 ratio of HSE mutant DNA to HSF1.

As discussed in section A.2.1, HSF1 contains several cysteines that form intramolecular and
perhaps also intermolecular disulfide bonds. Consequently, we next examined the effect of
reducing agent on the behavior of HSF1 and HSE-bound HSF1 in the differential scanning
fluorimetry assay. Interestingly, inclusion of the reducing agent dithiothreitol (DTT) had a
profound effect on the observed AT,, of HSE DNA binding (Figure A.6). Moreover, the effect of
DTT was dependent on the amount of salt that was included. At 100 mM NacCl, inclusion of 5
mM DTT decreased the unbound HSF1 T, and increased the bound HSF1 T, such that the
resulting AT,, of HSE binding was 15.6°C (as compared to 3.3°C in the absence of reducing
agent). Conversely, in the presence of 150 mM NaCl, inclusion of 5 mM DTT decreased the
unbound HSF1 T,, as in the lower salt condition but only increased the bound HSF1 T, slightly.
The resulting AT,, of HSE binding was therefore only 8.8°C (as compared to 2.5°C in the absence
of reducing agent). A model that may explain this observation is drawn in Figure A.6. It may be
that the recombinant purified HSF1 is trapped in a disulfide-bound conformation that is not
competent to fully bind HSE DNA. Inclusion of reducing agent frees those disulfide bonds,
leading to an apparently less stable HSF1 conformation that melts at a lower temperature in the
absence of DNA binding. However, in the presence of HSE DNA, this conformation is more
competent to bind DNA, which dramatically increases its apparent stability. Inclusion of higher

concentrations of salt inhibits this DNA binding interaction.
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Figure A.6. Effect of the reducing agent DTT on HSF1-HSE complex monitoring by differential scanning fluorimetry. In
the bar graph, each value is the average of four replicates, and the error bars represent standard error. Tms were
calculated using the derivative fit. Red bars represent samples containing a 1:1 ratio of HSE DNA to HSF1 (calculated
relative to trimeric HSF1), while the blue bars represent samples containing a 1:1 ratio of HSE mutant DNA to HSF1.

Next, we asked whether the reducing agent tris(2-carboxyethyl)phosphine hydrochloride (TCEP-
HCl) would have the same effect as DTT in this platform. Either TCEP-HCI or the equivalent
concentration of HCl was included in order to control for any changes in pH from the acidic
reagent. Figure A.7 demonstrates that TCEP does have a very similar effect to DTT, though the
observed AT,, of HSE binding was smaller for TCEP than for DTT (15.3°C instead of 20.7°C). The
curveshapes were also slightly different for the two reducing agents, as is shown in Figure A.7.
TCEP is often used in high-throughput screening because it is more inert to reaction with
electrophilic small molecules in screening libraries than DTT, so we chose to include it in the
assay buffer. The amount of TCEP was optimized by systematically varying its concentration and
holding other variables constant. The inclusion of 1 mM TCEP decreased the unbound melting
temperature of HSF1 and increased the apparent melting temperature of the DNA-bound form
(Figure A.8). Higher concentrations of TCEP (2 mM or 2.5 mM) decreased the upper, post-
denaturation fluorescence baseline of the DNA-bound form of HSF1 such that the signal-to-
noise of the transition was also lower. Therefore, 1 mM TCEP was included in the buffer for the

pilot screen.
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Figure A.7. Effect of reducing agent TCEP on HSF1-HSE complex monitoring by differential scanning fluorimetry. In the
bar graph, each value is the average of four replicates, and the error bars represent standard error. Tms were
calculated using the derivative fit. Red bars represent samples containing a 1:1 ratio of HSE DNA to HSF1 (calculated
relative to trimeric HSF1), while the blue bars represent samples containing a 1:1 ratio of HSE mutant DNA to HSF1.
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Figure A.8. Effect of varying TCEP concentration on HSF1-HSE complex detection by differential scanning fluorimetry.
1: no TCEP; 2: 1 mM TCEP, 3: 2 mM TCEP, 4: 2.5 mM TCEP. Each value is the average of four replicates, and the error
bars represent standard error. T;,s were calculated using the derivative fit. Red bars represent samples containing a
1:1 ratio of HSE DNA to HSF1 (calculated relative to trimeric HSF1), while the blue bars represent samples containing a
1:1 ratio of HSE mutant DNA to HSF1.

Because of the pronounced effect of NaCl on the AT,, of HSE binding, we wanted to control for
the effect of MgCl, as well. Magnesium chloride decreases the ATm of HSE binding in both the
presence and absence of TCEP (shown in the presence of TCEP in Figure A.9.) While the reason
for this effect is unknown, we speculate that magnesium competes for ionic interactions
involved in the interaction of HSE DNA with the DNA binding domain. To reduce the probability

of identifying false positives, we included 1 mM MgCl, in the assay buffer.
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Figure A.9. Effect of varying MgCl, concentration on HSF1-HSE complex detection by differential scanning fluorimetry.
Each value is the average of four replicates, and the error bars represent standard error. Tms were calculated using
the derivative fit. Red bars represent samples containing a 1:1 ratio of HSE DNA to HSF1 (calculated relative to
trimeric HSF1), while the blue bars represent samples containing a 1:1 ratio of HSE mutant DNA to HSF1.

Because differential scanning fluorimetry (and other HTS techniques) are prone to the
identification of false positives from aggregation-prone compounds, we wanted to include
0.005% Tween-20 in the assay conditions to reduce the probability of discovering aggregators.
Inclusion of this concentration of Tween-20 had no significant effect on T, or AT,, (Figure A.10.)

The shape of the curve was also unaffected by inclusion of the detergent.

554 1mM TCEP

1. HSE
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Figure A.10. Inclusion of detergent Tween-20 does not appear to affect Tm observed for HSE binding. Each value is
the average of four replicates, and the error bars represent standard error. Tms were calculated using the derivative
fit. Red bars represent samples containing a 1:1 ratio of HSE DNA to HSF1 (calculated relative to trimeric HSF1), while
the blue bars represent samples containing a 1:1 ratio of HSE mutant DNA to HSF1.

Interestingly, addition of nucleotide slightly affected the T,, of free and bound HSF1 and the AT,
of HSE binding. Under these conditions (100 mM NaCl and no reducing agent), the presence of 1
mM ATP or ADP increased the AT, from 2°C to 2.8°C or 2.6°C, respectively (Figure A.11.). It is
not clear what the physical explanation for this effect may be, as HSF1 is not thought to contain

a nucleotide-binding site.
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Figure A.11. The presence of nucleotide affects T,, of free and bound HSF1 and the AT,, of HSE binding but the reason
for this effect is unknown. Each value is the average of four replicates, and the error bars represent standard error.
Tms were calculated using the derivative fit. Red bars represent samples containing a 1:1 ratio of HSE DNA to HSF1
(calculated relative to trimeric HSF1), while the blue bars represent samples containing a 1:1 ratio of HSE mutant DNA
to HSF1.

A.5. Pilot high throughput screen for small molecule ligands of HSF1

The final conditions for the pilot screen included 0.1 mg/mL (~1.7 uM) wild type monomeric
HSF1 and 50 uM 1,8-ANS in 25 mM HEPES pH 7.5 containing 75 mM NaCl, 1 mM MgCl;, 1 mM
TCEP, 0.005% Tween-20, and 0.5% DMSO. Compounds were tested at 10 uM and singleplexed.
Each well contained a final well volume of 10 pL overlaid with 2 pL silicon oil. Plates were
centrifuged for 2 min at 1000 rpm before running, and the signal was measured to be stable
over 10 hours when stored at 4°C in the dark (to ensure that a day’s plates could all be made up
in the morning and run over the course of the day, without compromising data quality).
Negative controls contained 0.5% DMSO only, and positive controls contained 0.5% DMSO + 560
nM HSE DNA. Plates were run on the Johnson & Johnson ThermoFluor instrument from 25-70°C
in continuous ramp mode, at a rate of 30 sec per degree. A shutter-closed image was taken

before heating and background subtracted throughout. A 16x16 pixel integration box was used.

Library Description Compounds

MicroSource Spectrum 2000 Known bioactive compounds 2000

ioF N linical
Bio oc'us CC clinica FDA-approved drugs 446
collection
Molecules targeted towards protein kinases,

proteases, and cannabinoid receptors; targets

invol i h he Wnt signali h 1037
CCG focused collections invo ve'd in aL:ItOp agy, t e' nt signaling pathway, 03
and epigenetics; redox active molecules and natural
products
Total 3154

Table A.1. Characteristics of the screening libraries included in pilot screen.
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A total of 3154 compounds were screened, which required thirteen plates and two days to
complete. Characteristics of the three libraries that were screened are described in Table A.1.
The hit rates for the primary screen are described in the flowchart in Figure A.12, below. Using a
three standard deviation cutoff (calculated for the negative controls across the entire campaign)
a total of 85 hits were identified from the automated analysis protocol described briefly in
Chapter 3 (3.8.3.). This corresponds to a hit rate of 2.6%. Of these, 68 hits caused negative
deflection in T,, while 17 hits increased T,. The melting curves for each hit were visually
inspected and excluded if the curve shape was poor, noisy, or suggested a fluorescent
compound, aggregation of the protein, or a quenching interaction with the solvatochromic dye.
This excluded 9 wells, leaving 61 negative hits and 15 positive hits. A wide range of T,,s was seen
for the 61 negative hits (spanning -1.3°C to -7.8°C relative to the average of the negative
controls), and relatively small positive changes were observed from the 15 positive hits
(spanning +1.3°C to +2.7°C). From these, 16 hits were obtained for reconfirmation, equally
representing negative and positive hits and chosen based on physicochemical properties,
chemical structures, and practical availability.

707
*  negative control

= positive control

O e T T S R

3154 compounds screened
(MS2000 + Biofocus NCC + focused collection)
singleplex, 13 plates, ~40 min/plate, 2 days

A0 NS N O Tt A o
3 SD cutoff, campaign basis

T, (°C), calculated with derivative fit

30 T T L)
0 50 100 150
68(-) and 17 (+) I
(2.6%) from automatic Well
analysis

44-
42+

61(-)and 15 (+) t range for positive shifts, 40.6-42°C

(2.4%) after visual

inspection of curves average negative control, 39.3°C

36+
Purchased/borrowed 16 (0.51%) for dose-
dependence reconfirmation range for negative shifts, 31.5-38°C
34+
324

Figure A.12. Flowchart of high-throughput screening process. Distribution of positive and negative controls are shown
for a 50/50 plate of positive and negative controls, from which the Z’ factor was determined to be 0.92. The average
Z’ across the whole screen was 0.85. A larger range of negative shifts was seen for the 61 negative hits (spanning -
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1.3°C to -7.8°C) than the relatively small positive changes observed from the 15 positive hits (spanning +1.3°C to
+2.7°C).

The results of the reconfirmation effort are shown in Figure A.13 in a bar graph and summary
table. The chemical structures for the sixteen reconfirmation compounds are shown in Figure
A.14. Compounds were again screened at 10 uM under the same conditions as in the screen.
While the controls wells performed as expected, only epigallocatechin gallate (EGCG, 15) and
cedryl acetate (16) appeared to reconfirm in this experiment. The original change in T, for EGCG
was -2.2°C, and in the reconfirmation experiment it was only about -1°C. Upon closer inspection,
it appeared that EGCG competed with or quenched 1,8-ANS fluorescence and the resulting
altered curve shape accounted for the decrease in T,,. Additionally, polyphenols are known to be
very promiscuous binders and so EGCG was not considered as a viable scaffold for further
development. The changes observed in the reconfirmation experiments with cedryl acetate

were not significant (Figure A.15).

& 4157 compound mean SEM n
g 1 ancitabine 40.91 0.22 8
g 410 'I' 2 atropine 4113 016 8
2 3 boldine 40.83 0.20 8
E 4 bromhexine 415 017 8
T ] 5 buflomedil 4101 018 8
3 6 bupivacaine 40.93 0.22 8
'3 40.07 7 carbofuran 4111 0.17 8
o 8 D. lactone 41.10 031 8
'_E 39.5- T T T T T T T T T T T T T 9 propani[ 40.88 0.30 8
NYm x5 A B 90 N R A D ) 10 tolterodine tartrate 40.71 0.22 8
11 tranilast 40.77 0.16 8
12 a-tocopherol 40.94 0.14 8
607 13 cephalosporin G, K+ 41.02 017 8
14 catechin 40.82 0.20 8
557 15 EGCG 4010 047 8
16 cedryl acetate 40.57 0.24 8
507 17 DMSO only 41.06 0.16 16

454

T (°C), calculated with derivative fit

N Vv %
controls

Figure A.13. Result of single-concentration reconfirmation (at 10 uM) from 16 repurchased or borrowed hits. Each
value is the average of eight replicates, and the error bars represent standard error. T,,s were calculated using the
derivative fit. Positive controls (red) and two sets of negative controls (blue) are shown in the bar graph, showing that
the assay performance was similar to the primary assay.
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Figure A.15. No hit compounds reconfirmed of the 16 that were re-tested in the primary screening assay. Each value
is the average of four replicates, and the error bars represent standard error. T,,s were calculated using the derivative
fit.

It is not clear why the sixteen original hits from the primary assay did not reconfirm. A different
preparation of protein was used for the reconfirmation versus the primary screen, which may
contribute to variability. It is possible that degradation products or contaminants in the
screening library accounted for the original activity of the hit molecules. It is also possible that
more robust hits are present in the 60 scaffolds that were not repurchased for reconfirmation

experiments.

A.6. Alternative screening strategies

The pilot screen described in the previous section used monomeric, wild type HSF1 in the
presence of reducing agent and in the absence of any of HSF1’s binding partners, including HSE
DNA or molecular chaperones. The differential scanning fluorimetry platform can easily be

applied to screening different conformations or complexes of HSF1. For a conformationally
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heterogeneous target protein, ligand-induced changes in thermal stability can reflect a number
of distinct physicochemical phenomena. These include straightforward increases in thermal
stability due to the energy of ligand binding to a given conformation or conformations, complex
formation with nucleic acid, and conformational changes of HSF1 that reflect differential
thermal stabilities of the predominant protein conformations or oligomeric states. In the
presence of reducing agent and low salt concentrations, the change in T,, upon DNA binding is
very large (~20°C), and may be useful as a sensitive reporter of ligand-induced changes in nucleic
acid binding. That is, screening in the presence of a concentration of HSE DNA in the middle of
the dynamic range of the HSE-induced AT,, may result in the identification of ligands that inhibit

or potentiate DNA binding (Figure A.16).

HSF1 + half-maximal HSE DNA HSF1 with no HSE DNA

1004
80+
60y

«—/—

404

204

Normalized fluorescence units

—e~ HSE mutant (TCEP)

0

T f T T T T T T d
25 30 35 40 45 50 55 60 65 70
Temperature (°C)

compounds that potentiate or compounds that bind to HSF1
inhibit DNA binding

Figure A.16. An alternative setup for a DSF-based HTS may rely on DNA binding as a reporter of quaternary structure
(left) and may be expected to result in some common but some different chemical hits, as diagrammed above.

Similarly, characterization of constructs with different conformations or quaternary structures
may help to identify the biophysical signatures of different conformations. This in turn would
enable a DSF screen for identifying ligands that favor specific protein conformations or
oligomeric states of HSF1. In addition to the monomeric form, the recombinant wild type
protein elutes as an oligomer (possibly a trimer) when purified by size-exclusion
chromatography by members of the Thiele laboratory. Additionally, the Thiele laboratory has
developed constructs of HSF1 that lack critical oligomerization domains or are constitutively
oligomerized. We began to study these proteins by differential scanning fluorimetry in order to
gain insight into the observed behaviors of monomeric HSF1 binding its recognition element.

The monomeric and oligomeric forms of HSF1 behave distinctly in DNA binding platforms, with
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apparent affinities for the HSE oligonucleotide of 122.9 + 25.1 nM and 12.1 + 2.1 nM

respectively.

The LZ1-3 construct lacks the leucine zipper trimerization domain, and so it is constitutively
monomerized (Figure A.17). As expected, the constitutive monomer binds rather weakly to the
HSE oligonucleotide with an apparent affinity of 609.3 + 160.5 nM as measured by FP. By DSF,
this construct does not appear to bind to HSE DNA at a stoichiometric concentration (Figure
A.18). The LZ4 construct has L391M, L395P, and L398P point mutations in the LZ4 domain that
result in a constitutively trimerized HSF1 (11) (Figure A.17). Its affinity for HSE oligonucleotide is
35 + 7.1 nM by FP. Interestingly, the thermal stability of this construct in the absence of DNA
resembles that of wild type, trimeric HSF1 (as well as wild type, monomeric, reduced HSF1). The

AT, of HSE binding resembles that of the wild type, monomeric protein (Figure A.18).

Lastly, the Agard laboratory has cloned a slightly shortened construct lacking the N- and C-
terminal intrinsically disordered regions, which might be more amenable to structural
characterization than the full-length protein. The truncations do not impair the normal
trimerization contacts, and so it was included in the DSF experiments as a control. As expected,
the T, and AT,, of HSE binding are identical to those of the wild type protein.

LZ4: Proposed to repress trimerization

through an intramolecular interaction

with LZ1-3. Point mutations in LZ4 result

in a constitutively trimerized HSF1 in
mammalian cells.

LZ1-3: Leucine zipper trimerization
domain. Deletion impairs
trimerization and reduces heat

shock response. . . )
16-417: C-terminal truncation lacking

(disordered) activation domain (Agard lab)

monomer: monomeric wt HSF1
isolated from SEC

oligomer: oligomeric wt HSF1
isolated from SEC

115 123 137 198 384 416 529
I 11 | | | |

Figure A.17. Alternative constructs of HSF1 that may prove useful in HTS efforts.
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Figure A.18. DSF characterization of alternative constructs of HSF1 that may prove useful in conducting or interpreting
future HTS efforts. DSF experiments were carried out as described above in the absence or presence of reducing
agent and HSE or HSE mutant oligonucleotide at a concentration stoichiometric to the theoretical concentration of
trimeric HSF1 (560 nM oligonucleotide to 1.7 uM HSF1). Each value is the average of four replicates, and error is SEM.

As an alternative to DSF, a technique that reports directly on the oligomeric state of HSF1 (e.g.
monomer versus trimer) may be useful as a screening platform. High-throughput capillary
electrophoresis may be well-suited to the identification of modulators of the homomeric HSF1
protein-protein interactions (13). Lastly, the fluorescence polarization platform developed in the
Thiele laboratory may be a useful alternative technique for the identification of allosteric ligands
that perturb quaternary structure. Since the affinities of monomer and oligomer binding to the
idealized HSE differ by an order of magnitude, DNA binding may be useful as an indirect reporter

of quaternary structure.

A.7. Preliminary electron microscopy and DNA scaffolding strategy to visualize complex

There are no published structures of full-length HSF1 at any resolution, though crystal structures
of its highly conserved DNA binding domain have been solved. Monomeric HSF1 is 57 kDa, which
is near the lower limit of detection by negative stain transmission electron microscopy. Trimeric
HSF1, however, is approximately 172 kDa in size and thus is expected to be readily visible. We
took early steps towards characterizing HSF1 by electron microscopy and optimizing conditions
to obtain a homogenous dispersion of particles for class averages. Despite separation by size-
exclusion chromatography immediately prior to the preparation of grids, HSF1 was observed as

a heterogeneous mixture of conformations (Figure A.19).
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Figure A.19. Preliminary negative stain electron microscopy images of HSF1 in the absence of DNA. The heterogeneity
of the shapes and sizes of particles in the sample is apparent. White arrows indicate probable trimers of HSF1.

To facilitate the preparation of homogenous grids and assure the identification of trimeric HSF1
uncomplicated by the presence of other quaternary structures, we considered a DNA-
templating strategy. A double stranded DNA oligonucleotide was designed containing five
idealized HSEs in sequence (Figure A.20). Using DSF and an electrophoretic mobility shift assay,
HSF1 was confirmed to bind to the oligonucleotide. However, the stoichiometry of the binding
interaction is not clear from these measurements, and an optimized electrophoretic mobility
shift assay with greater resolution would be helpful in elucidating the stoichiometry. The

scaffolding may require optimization in number, spacing, and orientation of HSEs.

cc AATATTCCCGAAL
GACCTTATARGGGC

iGAATATTCCCGAAL
CTTATAAGGGCTTG

iGAATATTCCCGAA
:CTTATAAGGGCTTG

iGAATATTCCCGAAC
:CTTATAAGGGCTTG

GGAATATTCCCGAACTGC
CCTTATAAGGGCTTGACG
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Figure A.20. Organization of five tandem repeats of heat shock elements in oligonucleotide, and binding of HSF1 to
tandem repeats by DSF and by EMSA. See Experimental Procedures (A.9) for details.
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However, since HSF1 is known to bind to DNA as trimers, this templating strategy may prove
useful to facilitate its structural characterization. Electron microscopy of HSF1 is expected to
provide a useful tool for the study of small molecules that alter oligomerization state.
Additionally, this platform may enable the future characterization of chaperone-HSF1

interactions, and warrants further development.

A.8. Conclusions and future directions

The long-term goals of this work are to understand how we can activate HSF1 using small
molecules with the end goal of developing therapeutics for neurodegenerative diseases. Where
are the small molecule binding sites within HSF1? Is it possible to inhibit the interactions of
Hsp70 and Hsp90 with HSF1 by binding to HSF1? Can one develop an HSF1 ligand that
potentiates DNA binding, possibly through stabilization of the trimeric form? Future work should
extend the DSF screening effort described herein towards the goal of identifying such
modulators, and complete the reconfirmation effort of the other scaffolds identified in the
initial pilot screen. A parallel comparison of a second small pilot screen carried out against the
complex of HSF1 with HSE DNA (Figure A.16) should be informative as to the best path forward.
If neither format of the DSF screen is fruitful in producing robust, reproducible hits, then the
fluorescence polarization assay or capillary electrophoresis should next be explored as

alternative screening platforms.

A.9. Experimental Procedures

A.9.1. Differential scanning fluorimetry optimization

Optimization assays utilized 0.1 mg/mL (~1.7 uM) or 0.2 mg/mL (~3.4 uM) wild type monomeric
HSF1 and 50 or 100 uM 1,8-ANS in 25 mM HEPES pH 7.5 containing varying amounts of NaCl,
MgCl,, DTT or TCEP, Tween-20, and DMSO as indicated. Typically, samples were made up using
manual or Matrix automatic pipettes in a 96-well PCR plate, then transferred to a 384-well black
skirted low volume PCR plate (Thermo Fisher) in sets of four replicates using a Matrix automatic
pipette. Each well contained a final well volume of 10 uL and was overlaid with 2 pL silicon oil.
Plates were centrifuged for 2 min at 1000 rpm before running on a Johnson & Johnson
ThermoFluor instrument from 25-70°C in continuous ramp mode, at a rate of 30 sec per degree.
A shutter-closed image was taken before heating and background subtracted throughout. A

16x16 pixel integration box was consistently used.
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A.9.2. Differential scanning fluorimetry pilot screen

As described in the text, the conditions used for the pilot screen included 0.1 mg/mL (~1.7 uM)
wild type monomeric HSF1 and 50 uM 1,8-ANS in 25 mM HEPES pH 7.5 containing 75 mM NacCl,
1 mM MgCl,, 1 mM TCEP, 0.005% Tween-20, and 0.5% DMSO. Compounds were tested at 10 uM
and added directly to 384-well black-skirted low volume PCR plates (Thermo Fisher). Compound
stocks were added in 200 nL drops by a pin tool in the Center for Chemical Genomics and
followed by a protein, 1,8-ANS, and buffer solution. Negative controls contained 0.5% DMSO
only, and positive controls contained 0.5% DMSO + 560 nM HSE DNA. Plates were run as

described above.

A.9.3. Electrophoretic mobility shift assay

The electrophoretic mobility shift assay protocol was adapted from (14). Briefly, a vertical,
native 4% polyacrylamide gel was equilibrated by pre-running in tris-glycine running buffer
containing 40 mM Tris base, 400 mM glycine, and 2 mM EDTA at pH 8.0. The pl of HSF1 is 5.0, so
the transcription factor-DNA complex is negatively charged at this pH. Then, 10 puL samples were
loaded which contained a final concentration of 2.5 uM tandem HSE DNA, final concentrations
of 0, 1.5, 3, 6, or 12 uM HSF1 monomer, and 2 uL of glycerol-only loading dye (bromophenol
blue was found to interfere with detection of the DNA). The gel was electrophoresed for one

hour at 200V and stained with ethidium bromide.

A.9.4. Electron microscopy

HSF1 was separated by size exclusion chromatography using an analytical SuperDex200 column
equilibrated in 25 mM HEPES pH 7.5, 150 mM NaCl. A sample of 675 pL of 0.25 mg/mL HSF1 was
injected and separated at 0.5 mL/min, eluting as a single peak centered at 14 mL elution
volume. A fraction in the center of this peak was collected, diluted 1:10 into freshly filtered
buffer, and applied to glow-discharged Formvar/carbon 300-mesh copper grids (Electron
Microscopy Sciences). The total time from elution from the chromatography column to gridding
samples was less than ten minutes. Grids were washed with water, stained with 2% uranyl
formate, and micrographs were taken at 22,000x magnification on a 100 kV Morgagni

microscope using a Gatan Orius CCD.
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A.10. Notes

Alex Jaeger in Dennis Thiele’s laboratory at Duke University expressed and purified the wild
type, ALZ1-3, and LZ4m HSF1 proteins, designed the HSE and HSE mutant DNA oligonucleotides,
and measured the binding constants using fluorescence polarization. A construct containing
residues 16-417, lacking the disordered C-terminal activation domain, was cloned, expressed,
and purified by Joe Tao of the Agard laboratory. Thomas McQuade in the University of Michigan
Center for Chemical Genomics (CCG) kindly set up the plates for the pilot screen and provided

useful help and feedback in the design of the screen.
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