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Tau is a microtubule-associated protein that forms insoluble amyloid fibrils in a set of
neurodegenerative disorders termed tauopathies, which include Alzheimer’s disease,
frontotemporal dementia, and chronic traumatic encephalopathy. Molecular chaperones are
proteins that act to prevent aberrant protein aggregation such as tau fibril formation. This
dissertation characterizes the mechanisms by which chaperones interact with tau to counteract its
aggregation, with particular focus on the small heat shock protein HspB1. Chapter 2 compares the
effects of HspB1 on tau aggregation with the effects of another structurally-unrelated chaperone,
Hsc70. Chapter 3 describes interactions between the disordered N-terminal region (NTR) and the
structured alpha-crystallin domain (ACD) of HspB1. Both domains are involved in chaperone
activity toward tau. Understanding how they interact with each other enables further structural
characterization of interactions between HspB1 and tau in Chapter 4. Chapter 4 also identifies a
way by which interactions between the NTR and ACD can be perturbed to improve HspB1

chaperone activity against tau.
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Chapter 1. INTRODUCTION

1.1  PROTEIN AGGREGATION, AMYLOID FORMATION, AND MOLECULAR

CHAPERONES

The cytoplasm of cells is densely packed, and proteins exist in close proximity to other
proteins and additional macromolecules such as nucleic acids and lipids. The total concentration
of macromolecules in the cytoplasm varies by cell type but is estimated to be 300-400 mg/ml or
30-40% of the total volume in E. coli cells (Zimmerman and Trach 1991). These crowded
conditions facilitate interactions that drive vital biological processes (Zhou et al. 2008) but also
can promote aberrant protein-protein interactions that result in protein aggregation (Van Den Berg
et al. 1999; Munishkina et al. 2004; Uversky et al. 2002). Cellular stress events such as acidosis,
oxidative stress, and temperature changes further increase the risk of aberrant protein aggregation
(Tyedmers et al. 2010). Protein aggregation is typically detrimental and has been linked to
numerous human diseases, including cataract formation, diabetes, and multiple neurodegenerative
disorders.

Protein aggregation usually takes one of two forms: amorphous aggregation or amyloid
formation. Amorphous aggregates are insoluble assemblies of proteins that associate in a manner
that lacks regular order. By contrast, amyloid aggregates are highly ordered and are characterized
by the formation of long, fibrillar assemblies with 3 sheet structure (Tyedmers et al. 2010). In
amyloid fibrils, proteins align perpendicular to the fibril axis and form extended 3 strands mediated
by backbone hydrogen bonds and sidechain contacts between protein subunits (Padmanabhan et
al. 2017). These structures tend to be highly thermodynamically stable and may represent the

global energetic minimum for many proteins (Baldwin et al. 2011). The formation of amyloid-type
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aggregates is particularly common for intrinsically disordered proteins, in part because the
aggregation-prone segments of these proteins tend to be solvent-exposed rather than buried within
a folded core (Linding et al. 2004). Amyloid formation is associated with many protein aggregation
diseases, including Alzheimer’s Disease, Parkinson’s Disease, and Huntington’s Disease. Many
factors potentially contribute to the toxicity of amyloid formation in disease, including loss of
function of the proteins involved, gain of toxic function of fibrils or pre-fibrillar species,
interference of aggregates with other intracellular processes, and loss of protein homeostasis. For
many amyloid-forming proteins, pre-amyloid oligomeric species are thought to be most
responsible for toxic effects (Chiti and Dobson 2006). While the role of amyloid formation in
disease is well-documented, recent studies have also identified functional roles of amyloid forms
of proteins, including antimicrobial activity and peptide hormone storage (Maji et al. 2009; Kumar
et al. 2016). In some cases, amyloid formation by the same protein can play both functional and
disease-associated roles. For example, Amyloid-f§ fibril formation is implicated in the
development of Alzheimer’s Disease but also was shown to have antimicrobial properties (Kumar
et al. 2016).

Molecular chaperones are proteins that act to maintain protein homeostasis through
interactions with unfolded, misfolded, and/or aggregation-prone proteins. Humans have multiple
structurally-unrelated chaperone families, many of which contain multiple homologous members.
In total, humans have approximately 200 distinct chaperones and co-chaperones (Hartl et al. 2011).
Together, these form complex networks that act to target different clients and distinct phases of
protein folding and protein aggregation processes. Some classes of chaperones, such as Hsp70,
Hsp90, and chaperonins, use the energy of ATP hydrolysis to promote proper folding and drive

re-folding of misfolded proteins. Others, including the Hsp104 family, use ATP to disaggregate
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pre-formed fibrils. Others act in an ATP-independent manner to engage aggregation-prone
proteins and delay or prevent their aggregation (Hartl et al. 2011). There is considerable overlap
in these functional categories. For example, Hsp70 family members can disaggregate fibrils when
acting in concert with Hsp40 and Hsp110 chaperones (Gao et al. 2015a) and have been shown to
have ATP-independent anti-aggregation activity in addition to their refolding activity (Chaari et
al. 2016; Kundel et al. 2018). Chaperones from different families interact extensively, and these
interactions are often mediated by co-chaperones that serve as physical linkers. Chaperones also
interact with the autophagy pathway and the ubiquitin-proteasome system to facilitate the
degradation of unsalvageable proteins or protein aggregates (Hartl et al. 2011).

Together, a cell’s chaperone proteins and the network of interactions between them serves
as a defense system against aberrant protein aggregation. Many protein aggregation diseases are
age-associated, indicating that the cell’s chaperone machinery is able to prevent toxic aggregation
for years, but its ability to maintain proteostasis is compromised over the course of a lifetime (Hartl
et al. 2011). The work in this dissertation aims to further our understanding of how molecular
chaperones act to prevent aberrant protein aggregation. It investigates interactions between the
protein tau, which forms amyloid fibrils in a set of neurodegenerative disorders termed tauopathies,

and the chaperone proteins HspB1 and Hsc70.

1.2  TAU BIOLOGY AND DISEASE IMPLICATIONS

Tau is a microtubule-associated protein abundantly expressed in neurons. In tauopathies,
it 1s found to be hyperphosphorylated, dissociated from microtubules, and deposited amyloid
fibrils. Tauopathies include Alzheimer’s Diseases, Pick’s Disease, chronic traumatic
encephalopathy, progressive supranuclear palsy, corticobasal degeneration, agyrophilic grain

disease, and frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17).
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Although tauopathies differ in their clinical presentation and patterns of tau deposition, they all
involve the formation of insoluble tau fibrils accompanied by neurodegeneration (Mandelkow and
Mandelkow 2011). FTDP-17 is caused by inherited mutations in the tau gene, indicating that tau
plays a causative role in the development of this disease (Wszolek et al. 2005). While the causes
of tauopathies are subject to some debate and involve complicated interplay between additional
cellular proteins and environmental factors, the fact that mutations in the tau gene are sufficient to
cause disease strongly suggests that tau plays a central role in the development of most if not all
tauopathies.

The biological function of tau remains poorly understood, but it is known to play roles in
microtubule stability, neurite outgrowth, and hippocampal development. In healthy neurons, the
concentration of tau is 1-2 uM, and most is associated with microtubules (Igbal et al. 2010;
Mandelkow and Mandelkow 2011). Knockout of tau in mice results in delayed hippocampal
neuron development but does not cause physical abnormalities or impair the ability of the mice to
reproduce, indicating that there may be some redundancy of its function (Dawson et al. 2001).
Studies in human neurons indicate that tau plays roles in promoting neurite outgrowth and axonal
development and can regulate axonal trafficking of organelles and other cargo (Stamer et al. 2002).
Microtubules play important roles in neurons, particularly in axonal development and axonal
trafficking, and these phenotypic effects of tau are likely due to interactions between tau and
microtubules. In vitro, tau promotes tubulin polymerization and microtubule stability. Tubulin
dimers interact with multiple sites within the tau protein and form a fuzzy complex that promotes
tubulin assembly and microtubule polymerization (Li and Rhoades 2017). Tau binds to assembled
microtubules in an elongated manner, spanning multiple tubulin subunits and promoting stability

of the polymerized form (Kellogg et al. 2018).
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Tau is intrinsically disordered in solution. It can be subdivided into four domains: an N-
terminal projection domain, a proline-rich region, a microtubule-binding repeat region, and a short
C-terminal region (Figure 1.1). Tau undergoes alternative splicing at two sites. The N-terminal
projection domain can contain 0, 1, or 2 insertions, and isoforms are termed ON, 1N, and 2N. The
microtubule-binding repeat region can have either 4 repeats or 3 depending on whether the second
repeat is present, which are denoted 3R and 4R. Therefore, six possible tau isoforms exist, the
longest being tau2N4R and the shortest tauON3R. Healthy adult brains typically contain equal
proportions of 3R and 4R tau, and deviation from this balance in either direction has been linked
to disease . Multiple disease-associated mutations have been shown to alter the splicing of the
repeat domain of tau, including some silent mutations, indicating that imbalance of these isoforms
is sufficient to cause disease (D’Souza et al. 1999). The tau fibrils that form in different tauopathies
differ in the isoforms they contain. For example, Alzheimer’s Disease fibrils contain all six tau
isoforms (Goedert et al. 1989), whereas Pick’s Disease fibrils only contain 3R tau (Falcon et al.
2018a). The presence of different isoforms could explain some differences in disease presentation
and pathology observed in different tauopathies.

Fibril formation is driven by two aggregation-prone motifs, 2>VQIINK?* and
306V QIVYK?3!"!, which occur at the beginning of the second and third microtubule-binding repeats
(Figure 1.1). These regions have [-strand propensity in solution, and tau constructs require at least
one of them to form fibrils in vitro (von Bergen et al. 2000; Von Bergen et al. 2001; Mukrasch et
al. 2005). The tau protein in disease fibrils is hyperphosphorylated and subject to extensive post-
translational modifications (Mandelkow and Mandelkow 2011). Recombinant tau protein does not
spontaneously form fibrils in vitro but requires extensive phosphorylation or the addition of a

polyanionic compound to induce aggregation. Multiple polyanions, including heparin, RNA,
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polyphosphate, and polyglutamate, have been shown to induce tau aggregation (Friedhoff et al.
1998; Kampers et al. 1996; Cremers et al. 2016). The role of these polyanions has been subject to
some debate; however, it is clear that they promote structural rearrangement, the formation of
elongation-competent nuclei, and fibril elongation (Elbaum-Garfinkle and Rhoades 2012;
Nakatani-Webster and Nath 2017; Wickramasinghe et al. 2019). Digestion of polyanionic
cofactors following the formation of fibrils causes them to dissociate, indicating that they also play
a role in stabilizing mature fibrils (Fichou et al. 2018). The microtubule-binding repeat region is
highly positively charged, and polyanions counter this charge to enable tau self-association. The
role of polyanionic cofactors in vivo is unclear, and further experimental work is necessary to
identify disease-associated polyanions. However, given their presence in cells and efficiency at
inducing aggregation in vitro, it is likely that they also play a role in disease states.

Recently, structures of tau fibrils derived from patients with Alzheimer’s Disease, Pick’s
Disease, and Chronic Traumatic Encephalopathy were solved to near-atomic resolution by
cryoEM (Fitzpatrick et al. 2017a; Falcon et al. 2018a, 2019). The structured core resolved by EM
consisted primarily of the third and fourth microtubule-binding repeats for all fibrils, but the fibril
morphology and tau fold (i.e. the structure of a single tau molecule within the fibril) differed
significantly between patients with different tauopathies. Although the tau fold was consistent in
all extracted fibrils from the same patient, many patient brains contained fibrils with two distinct
morphologies in which the relative orientation of tau protofilaments differed. CryoEM structures
have been solved for fibrils derived from five Alzheimer’s Disease and three Chronic Traumatic
Encephalopathy patients, and in each case the tau fold is consistent for all patients with the same
disease but differs between diseases (Falcon et al. 2018b, 2019). This suggests that the tau fold

within fibrils plays a role in distinguishing the different tauopathies. Recent work has shown that
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tau spreads via a prion-like mechanism, and that there are multiple distinct prion “strains” of tau
that each encode unique gross morphologies (Sanders et al. 2014; Sharma et al. 2018). This
supports the possibility that different tauopathies are caused by different prion-like strains of tau
which each encode disease-specific fibril morphologies.

While fibril formation correlates well with disease progression, increasing evidence
suggests that the primary toxic species is a pre-fibrillar oligomeric state of tau. In tauopathy-model
mice expressing human tau with the disease-associated mutation P301L, memory function can
recover by stopping the expression of transgenic tau, despite the fact that fibrillar tau species persist
in the brain under these conditions. This suggests that the toxic species is something that occurs
on-pathway to fibril formation rather than the fibrils themselves (SantaCruz et al. 2005).
Oligomeric tau species correlate better with memory loss in tauopathy model mice than fibrils
(Berger et al. 2007), and mice injected with tau oligomers had greater memory deficits, neuronal
damage, and mitochondrial and synaptic dysfunction relative to mice injected with monomeric or
fibrillar tau (Lasagna-Reeves et al. 2011). Recombinant tau preparations with higher oligomer
content were shown to induce more leakage in artificial membranes than preparations with higher
fibril content, and oligomeric content correlated with tau toxicity to neuronal cells (Flach et al.
2012). Tau oligomers were also shown to inhibit axonal transport (Ward et al. 2012). Overall, these
results indicate that tau oligomers likely don’t have a single specific mechanism of action but

rather are highly toxic to multiple cellular processes.

1.3  CHAPERONE INTERACTIONS WITH TAU

Many chaperones have been shown to interact with tau, including members of the Hsp90,
Hsp70, Hsp40, and small heat shock protein (sHSP) families. When studied in vitro, most

chaperones have inhibitory effects on tau amyloid formation, although the nature and potency of
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activity have been shown to act as chaperones toward tau in the absence of ATP, indicating that
they have anti-aggregation activity that is distinct from their canonical ATP-dependent activity
(Kundel et al. 2018; Zhang et al. 2019). Studies conducted in vivo have mixed results. Most show
that chaperones play protective effects, although others indicate that some chaperones may
exacerbate tau toxicity. For example, Hsp90 and FKBPS51 can act together to promote tau
aggregation and toxicity (Oroz et al. 2018). In most of the cases studied to date, chaperones bind
the aggregation-prone regions of tau, although the affinity for tau varies between chaperones (Mok
et al. 2018; Karagoz et al. 2014; Jinwal et al. 2013; Zhang et al. 2019). Overall, studies indicate
that chaperones generally target the aggregation-prone regions of tau to inhibit its aggregation, but
the effects of this inhibitory activity in living systems are highly dependent on the chaperone being
studied and may depend on co-chaperones and additional cellular factors. Additional work is
necessary to determine how chaperones function to protect against tau aggregation in a cellular
context, how different chaperones and co-chaperones work together within larger networks, and
what roles different chaperones play within the cell.

The work in this dissertation focuses on interactions between tau and the chaperones Hsc70
and HspB1. Both are known to directly interact with tau and alter its pathology in vivo, but they
belong to distinct families and provide a useful comparison in studying the ways in which different
chaperones may interact with tau. Hsc70 (gene name HSPAS) is a constitutively-expressed
member of the Hsp70 family that is abundant in neurons. Canonically, it functions as a “refoldase”
which uses ATP hydrolysis to drive the refolding of misfolded proteins, in concert with co-
chaperones from the Hsp40 and Hspl110 families (Stricher et al. 2013). However, ATP-

independent anti-aggregation activity has also been documented (Chaari et al. 2016).



9

Overexpression of Hsc70 in HEK cells slowed the clearance of overexpressed tau protein. By
contrast, Hsp72, another member of the Hsp70 family, has the opposite effect and accelerates tau
clearance due to its enhanced interactions with ubiquitination machinery, providing a clear
example of how different chaperones from the same family can have profoundly different effects
(Jinwal et al. 2013). A small-molecule binder of Hsc70 reversed its effect of slowing tau clearance
and was able to rescue deficits in long-term potentiation in brain slices from a tauopathy model
mouse (Abisambra et al. 2013). Hsc70 was also shown to promote tau association with
microtubules and modulate the extracellular release of tau (Fontaine et al. 2015, 2016). Together,
these results indicate that Hsc70 plays important roles in modulating tau activity in vivo but do not
address the specific effects that Hsc70 has on the process of tau amyloid formation.

HspB1 (also known as Hsp27) is a member of the sHSP family, which are ATP-
independent chaperones that act to delay protein aggregation but lack enzymatic activity. HspB1
co-localizes with tau fibrils in tauopathy brains (Nemes et al. 2004). It was shown to interact with
tau from Alzheimer’s brain lysate in pull-down assays, implying a direct interaction between the
two proteins (Shimura et al. 2004). Delivery of HspB1 decreased hyperphosphorylated tau relative
to non-phosphorylated tau and attenuated toxicity in HCN2A cells, and overexpression rescued
deficits in long-term potentiation in a tauopathy model mouse brain (Shimura et al. 2004;
Abisambra et al. 2010). These results indicate that HspB1 plays an ameliorative role in tau
pathology. However, molecular details of the interaction between the two proteins are lacking, in
part due to experimental difficulties in studying sHSP structure and function, discussed in detail

below.
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1.4 HSPBI1 BIOLOGY, STRUCTURE, AND FUNCTION

HspBI1 is one of ten human sHSPs, which differ in their expression pattern and tissue
distribution. HspB1 is ubiquitously expressed throughout the body, and its expression is
upregulated by the transcription factor HSF-1 in response to stress conditions (Janowska et al.
2019). Its activity is regulated by phosphorylation in response to stress. Mutations in the HSPB1
gene have been linked to various neuropathies, including Charcot-Marie Tooth Disease and Distal
Hereditary Motor Neuropathy, indicating that it plays important roles in neurons (Nefedova et al.
2015; Datskevich et al. 2012). As discussed in section 1.3, it directly interacts with tau and plays
an ameliorative role in tauopathies.

All small heat shock proteins contain a conserved alpha-crystallin domain (ACD), which
has a B-sandwich fold and is flanked by variable disordered regions, termed the N-terminal region
(NTR) and C-terminal region (CTR) (Figure 1.2A). The ACD forms an antiparallel homodimer
through interactions between the f6+7 strands of two protomers (Figure 1.2C). The NTR and CTR
both interact with the ACD, and these interactions drive many human sHSPs including HspB1 to
form polydisperse oligomeric ensembles (Figure. 1.2D). HspB1 oligomers can contain up to ~30
subunits and are highly dynamic in solution, with subunits continually exchanging between
oligomers. The oligomeric distribution of HspB1 changes in response to cellular conditions. For
example, phosphorylation decreases the average size of HspB1 oligomers, while low pH increases
it (Rogalla et al. 1999; Clouser and Klevit 2017).

The CTR of HspB1 contains mostly hydrophilic residues and is thought to serve in part as
a solubility tag. It contains the motif ''IPV'#3, which binds a hydrophobic groove on the outer
edge of the ACD dimer termed the 4-B8 groove (Hochberg et al. 2014; Freilich et al. 2018). In

many human sHSPs, this groove has been documented to bind so-called IXI motifs, which consist
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of two hydrophobic residues, typically isoleucine or valine, separated by a single residue (Delbecq
et al. 2012). These hydrophobic residues bind two hydrophobic pockets within the groove in a
knob-and-hole type manner. Binding to the 4-B8 groove was shown to be important in driving
subunit recruitment in the formation of oligomers (Delbecq et al. 2015)

The NTR of HspBl makes up almost half the protein and contains the three
phosphorylation sites (Serl5, Ser78, and Ser82), highlighting its importance in HspB1 function
and regulation (Figure 1.2B). It is enriched in hydrophobic residues, particularly tryptophan, which
tend to be underrepresented in intrinsically disordered regions. Nevertheless, it is highly dynamic
and has been resistant to structural characterization, making it the least-understood domain of
sHSPs. Recent crystal structures of human sHSPs have begun to shed light on ACD-NTR
interactions. A crystal structure of HspB6 in complex with the protein 14-3-3 revealed that the
motif VPV’ near the beginning of the NTR was bound in the f4-B8 groove, indicating that this
groove can bind hydrophobic motifs that occur in the NTR in addition to the CTR. The same
crystal structure also showed that the NTR sequence 2’RLFDQRFG?** was bound in a groove at
the ACD dimer interface between the two 3 strands and above the 6+7 strands (Sluchanko et al.
2017). Similar NTR-ACD interactions were observed in a crystal structure of an HspB2/HspB3
heterotetramer, indicating that these two types of NTR-ACD interactions occur in multiple human
sHSPs (Clark et al. 2018). The sequence that binds at the dimer interface groove is the only region
of the NTR that is well-conserved among human sHSPs, indicating that this interaction may be a
common feature. Additionally, many sHSPs contain IXI-like motifs in their NTRs that could
feasibly bind the B4-B8 groove. Despite the limited experimental evidence, it is likely that these

types of interactions occur in other human sHSPs as well.
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Recent work has also shown that the NTR residues adjacent to the ACD can form a
transient 3 strand antiparallel to 3 near the dimer interface groove, termed 2. This strand was
observed in a crystal structure of the HspB1 ACD but was not detected in a solution NMR structure
(Hochberg et al. 2014; Rajagopal et al. 2015a). A recent study using NMR showed that 2 strand
formation is transient in solution in a construct consisting of the ACD plus a segment of the NTR
beginning at residue 77 (Collier et al. 2019). Given the presence of two phosphorylation sited near
this region (residues 78 and 82), it is feasible that phosphorylation could regulate the transient
formation of this strand. Further work is necessary to determine how (and whether)
phosphorylation regulates these interactions and how it exerts its effects on oligomeric propensity
and chaperone activity.

The oligomeric polydispersity, structural heterogeneity, and disordered nature of human
sHSPs have all frustrated attempts to characterize their structure and function. Numerous sHSP
client proteins have been documented, but our mechanistic understanding of how sHSPs act on
these proteins remains limited. Important open questions include which regions of sHSPs are
involved in binding and chaperone activity, which sequence elements in clients enable sHSP
recognition, what types of client-sHSP complexes may be formed, and how do sHSP
oligomerization and subunit exchange dynamics relate to chaperone activity? Such questions are
likely interrelated, as client binding involves complicated interplay between the local structure of
a client binding site, the tertiary structure of sHSP protomers, the oligomeric state and type of
sHSP-client complex formed, and the dynamics of subunit exchange between complexes. Each of
these characteristics likely influences the others, complicating efforts to dissect the individual
contributions of each component of chaperone activity. Furthermore, sHSPs are highly sensitive

to environmental conditions such as temperature and pH, so results obtained from different groups
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are not always in agreement. Nevertheless, certain themes have emerged from years of study.
Overall, it seems that the mechanism of sHSP activity is highly dependent on the specific sHSP-
client pair, so chaperone activity may not be fully described by a single unified model. Both the
NTR and ACD have been implicated in client binding and chaperone activity, although the relative
contributions of these two domains vary depending on the sHSP and the client. Hydrophobic
regions have been identified that bind sHSPs, but no clear patterns have emerged beyond general
hydrophobic nature (Janowska et al. 2019).

The amyloid-forming clients tau, amyloid-f3, a-synuclein, and huntingtin all interact with
and are chaperoned by sHSPs. Tau, amyloid-f3, and a-synuclein have all been shown to bind the
[34-B8 groove of HspBS5, and the ACD has been shown to be sufficient for chaperone activity when
the flanking domains are removed (Liu et al. 2018; Hochberg et al. 2014; Mainz et al. 2015).
Nevertheless, the mutation S135Q, which blocks binding to the B4-B8 groove of HspBS5, enhanced
HspBS5 chaperone activity against amyloid-f3, suggesting that the mechanism of HspBS5 chaperone
activity may be more complex than simple binding to this groove (Mainz et al. 2015). HspB1 also
has been shown to act as a chaperone against a-synuclein. Complex formation by HspB1 and
monomeric a-synuclein was not detectable by size-exclusion chromatography or analytical
ultracentrifugation, indicating that the interaction between them is highly transient (Cox et al.
2016). HspB1 binds fully-formed a-synuclein fibrils, but the ACD alone does not, indicating that
this binding is dependent on either the NTR or CTR (Cox et al. 2018). HspB7 has chaperone
activity toward huntingtin, and this chaperone activity is dependent on its NTR. HspB1 is unable
to chaperone huntingtin, but a chimeric protein containing the NTR of HspB7 attached to the ACD
of HspB1 was an effective chaperone, indicating that the HspB7-specific NTR is responsible for

the chaperone activity (Wu et al. 2019). Overall, these results demonstrate that the activity of
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human sHSPs against amyloid-forming clients is dependent on both the client and sHSP. While
both the NTR and ACD play roles in chaperone activity, the only residue-level binding studies
have been conducted using the isolated ACD. Additional work is necessary to better understand

how clients interact with the NTR and how NTR-ACD interactions can modulate activity.

1.5 OVERVIEW OF THESIS SCOPE

There were two primary goals for this work. The first was to further our understanding of
how chaperones interact with tau in order to better understand the strategies cells use to combat
tauopathies. The second was to elucidate the structural basis of HspB1 chaperone function to
further our understanding of sHSP mechanisms and the ways in which their disordered regions
relate to function.

Chapter two discusses the effects that Hsc70 and HspBl have on tau aggregation.
Although both are inhibitory, the two chaperones alter the kinetics of tau aggregation in different
ways and target different stages of the aggregation process. This sheds light on the ways in which
chaperones from different families may play complementary roles within the cell, even as they
target the same client protein.

Chapter three characterizes interactions between the disordered NTR of HspB1 and the
folded ACD. It builds upon structural work by a previous graduate student in the Klevit lab,
Amanda Clouser, and identifies multiple specific types of ACD-NTR interactions. An
understanding of the interactions between these two domains of HspB1 in the absence of tau
enables further study of the structural consequences of tau binding and the structural mechanism
of chaperone activity toward tau.

Chapter four characterizes the structural basis for HspB1 chaperone activity against tau and

the roles of the three domains of HspB1. It shows that HspB1 is capable of binding tau in both the
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NTR and the ACD, but only interactions with the NTR result in productive chaperone activity. It

also identifies two mutant variants with enhanced chaperone activity toward tau, which both
perturb NTR-ACD interactions identified in Chapter 2. This furthers our understanding of sHSP

function and the mechanism of HspB1 activity.
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Figure 1.1. Domain architecture of tau.

Tau has four domains: the projection domain, proline-rich region, microtubule-binding repeats,
and C-terminal region. Shaded areas represent regions that are alternatively spliced and not
present in all tau isoforms. Tau4RD is a shortened construct consisting primarily of the
microtubule-binding repeat region of tau. It contains two motifs known to drive the aggregation
of tau (underlined) and has faster aggregation kinetics than full-length tau.
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(A) HspB1 has three domains: a long, disordered N-terminal region (NTR, blue), a core
structured alpha-crystallin domain (ACD, green), and a short disordered C-terminal region (CTR,

red). The NTR contains three serine phosphorylation sites, and the CTR contains an IXI motif
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that docks into the ACD. (B) sequence alignment of HspB1 with other human sHSPs. Yellow
stars denote phosphorylation sites, black arrows denote 3 strands in the ACD, and the red box
denotes the IPV motif that binds the ACD. (C) Solution NMR structure of the ACD, which has a
-sandwich fold and dimerizes along the f6+7 strand. (D) Cartoon of an HspB1 oligomer.
HspB1 assembles into large oligomers through interactions between the three domains.
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Chapter 2. HSPB1 AND HSC70 CHAPERONES ENGAGE DISTINCT

TAU SPECIES AND HAVE DIFFERENT
INHIBITORY EFFECTS ON AMYLOID
FORMATION

[Reproduced with permission from Baughman HER, Clouser AF, Klevit RE, Nath A. (2018)
“HspB1 and Hsc70 chaperones engage distinct tau species and have different inhibitory effects on
amyloid formation” Journal of Biological Chemistry 293: 2687-2700.]

Abstract:

The microtubule-associated protein tau forms insoluble, amyloid-type aggregates in various
dementias, most notably Alzheimer’s disease. Cellular chaperone proteins play important roles in
maintaining protein solubility and preventing aggregation in the crowded cellular environment.
While tau is known to interact with numerous chaperones, it remains unclear how these chaperones
function mechanistically to prevent tau aggregation and how chaperones from different classes
compare in terms of mechanism. Here, we focused on the small heat shock protein HspB1 and the
constitutive chaperone Hsc70 (also known as HspAS), and report how each chaperone interacts
with tau to prevent its fibril formation. Using fluorescence and NMR spectroscopy, we show that
the two chaperones inhibit tau fibril formation by distinct mechanisms. HspB1 delayed tau fibril
formation by weakly interacting with early species in the aggregation process, while Hsc70 was
highly efficient at preventing tau fibril elongation possibly by capping the ends of tau fibrils. Both
chaperones recognized aggregation-prone motifs within the microtubule-binding repeat region of
tau. However, HspB1 binding remained transient in both aggregation-promoting and non-

aggregating conditions, whereas Hsc70 binding was significantly tighter under aggregation-
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promoting conditions. These differences highlight the fact that chaperones from different families

play distinct but complementary roles in the prevention of pathological protein aggregation.

2.1  INTRODUCTION

Tau is an intrinsically disordered microtubule-associated protein involved in numerous
neurodegenerative diseases collectively termed tauopathies. Tau is highly expressed in neurons
and plays roles in microtubule stability, axonal transport, and neurite outgrowth (Drubin and
Kirschner 1986; Stamer et al. 2002; Dawson et al. 2001). Tauopathies are characterized by the
deposition of tau in insoluble amyloid-type fibrillar aggregates (Goedert et al. 1989), and based on
disease-associated tau mutations, this aggregation appears to play a causative role in at least some
of these neurodegenerative diseases (Wolfe 2009). Although the mechanism of tau toxicity is
subject to some debate, increasing evidence suggests that a pre-fibrillar oligomeric state of tau is
the primary toxic species responsible for neurodegeneration (Lasagna-Reeves et al. 2011;
SantaCruz et al. 2005), similar to models proposed for many other amyloid-forming proteins.
According to this model, tau dissociates from microtubules and forms oligomers with the potential
to disrupt cellular membranes and impair synaptic and mitochondrial function before ultimately
forming relatively inert amyloid fibrils in what may or may not be a protective mechanism to
remove toxic oligomers (Flach et al. 2012; Lasagna-Reeves et al. 2011; SantaCruz et al. 2005).
How cells control the relative populations of tau monomers, oligomers, and fibrils, and protect
against associated toxicity, remains poorly understood.

Fibril formation is primarily driven by the microtubule-binding repeat (MTBR) region of tau,
which consists of three or four 31-32 residue pseudo-repeats (Fig. 2.1) involved in microtubule

binding (von Bergen et al. 2000; Mukrasch et al. 2005). The tau gene is alternatively spliced, with
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the ratio of three-repeat to four-repeat isoforms varying based on normal aging (Goedert et al.
1989) or in disease states (D’Souza et al. 1999). Two six-residue motifs at the start of the second
and third repeats, 2°VQIINK?® and 3°VQIVYK?!! (also called PHF6* and PHF6) are believed to
be the primary drivers of aggregation (Von Bergen et al. 2001; Daebel et al. 2012; von Bergen et
al. 2000). A recent cryo-electron microscopy study of AD patient-derived fibrils revealed that
residues 306-378 form a highly-structured core in two distinct fibril morphologies from a single
patient’s brain (Fitzpatrick et al. 2017b). These core residues consist of the third and fourth repeats,
as well as 10 additional C-terminal residues. Whether such morphologies are common among all
AD patients or whether alternate fibril morphologies exist in AD or in other tauopathies remains
an open question.

While the precise mechanism of tau fibril formation is unclear, it appears that tau monomers
oligomerize and form elongation-competent species which then elongate to form mature fibrils,
with the formation of elongation-competent species the rate-determining step (Shammas et al.
2015; Nakatani-Webster and Nath 2017; Carlson et al. 2007). Each stage of the fibril formation
process is likely targeted by multiple cellular players, and a better understanding of how the cell
works to counteract this process could inform future pharmacological strategies.

The cellular chaperone network is responsible for maintaining protein solubility, promoting
proper folding, and preventing aberrant aggregation. Age-linked protein aggregation diseases,
including Alzheimer’s Disease (AD) and other tauopathies, may represent an eventual saturation
of the chaperone machinery’s ability to prevent aggregation (Hartl et al. 2011). Individuals
carrying disease-associated mutations in the tau gene that enhance aggregation propensity only
develop symptoms later in life (Wszolek et al. 2006), suggesting that neuronal cells have the

machinery to maintain aggregation-prone tau in a soluble form for years. Interactions between tau
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and a number of chaperones have been documented, indicating that multiple players within the
chaperone network are involved in this process (Karagoz et al. 2014; Voss et al. 2012; Jinwal et
al. 2013; Fontaine et al. 2015; Abisambra et al. 2010; Xu et al. 2013). However, the mechanisms
by which these chaperones interact with tau and their effects on tau fibril formation remain unclear.
A better biochemical and mechanistic understanding of how chaperone proteins interact with tau
will provide insight into the cellular defense mechanism against tauopathies. This work focuses on
the chaperones HspB1 and Hsc70, which both interact with tau in ways that are likely relevant to
disease pathology (discussed below). These chaperones belong to distinct families, and their
juxtaposition provides an example of how different components of the chaperone network may
complement each other in the prevention of pathological tau fibril formation.

HspB1 is a member of the small heat shock proteins (sHSPs), a family of ATP-independent
chaperones that act as “holdases” to prevent protein aggregation but lack enzymatic activity
(Treweek et al. 2015). Like many members of the sHSP family, HspB1 forms large, polydisperse,
highly dynamic oligomers ranging in size from dimers to 30-mers (Jovcevski et al. 2015),
governed by a network of interactions between the a-crystallin domain (ACD), N-terminal region
(NTR), and C-terminal region (CTR) (Lelj-Garolla and Mauk 2012; Hochberg et al. 2014). Due in
part to experimental limitations in dealing with dynamic, polydisperse systems, little is known
about how HspB1 recognizes clients and functions as a holdase. HspB1 co-localizes with tau fibrils
in tauopathy brains and is pulled down by phosphorylated tau (Nemes 2004; Shimura et al. 2004),
suggesting an important interaction between HspB1 and tau in disease states. A tauopathy mouse
model exhibits deficits in long-term potentiation that are rescued by HspBl overexpression
(Abisambra et al. 2010). This indicates that HspB1 can alter the physiological outcome of aberrant

tau aggregation, but the underlying mechanism remains unclear.
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Hsc70 is a constitutively-expressed member of the Hsp70 family of chaperones, which are
“refoldases” that use the energy of ATP hydrolysis to help misfolded proteins refold to their native
states. It contains an N-terminal nucleotide binding domain and a C-terminal substrate binding
domain, and interacts with Hsp40 family co-chaperones and nucleotide exchange factors to
accomplish protein refolding and ATP hydrolysis (Stricher et al. 2013). However, ATP-
independent activity has also been reported in Hsp70-family chaperones (Chaari et al. 2016; Rao
et al. 2010; Aprile et al. 2017). Hsc70 binds to the two aggregation-prone motifs in tau and has
been proposed as a pharmacological target (Abisambra et al. 2013; Jinwal et al. 2013; Fontaine et
al. 2015). Its overexpression leads to an increase in the concentration of tau in cell culture models,
while an Hsc70 inhibitor causes a decrease in tau concentration in cell cultures and rescues long-
term potentiation deficits in tauopathy model mouse brain slices (Jinwal et al. 2013; Abisambra et
al. 2013). Hsc70 may also play roles in enhancing tau’s association with microtubules (Fontaine
et al. 2015) and in modulating the extracellular release of tau (Imhaus and Duménil 2014). While
it is unclear how Hsc70 affects tau fibril formation, it has been shown to block the formation of
fibrils by another amyloid-prone protein, a-synuclein, and even disaggregate pre-formed o-
synuclein fibrils when combined with co-chaperones from the Hsp40 and Hsp110 families (Gao
et al. 2015b; Chaari et al. 2016). Its paralog, Hsp70, has been shown to inhibit tau fibril formation
by interacting with tau oligomers (Patterson et al. 2011; Voss et al. 2012). It remains to be
determined if these activities are generally applicable to interactions between members of the
Hsp70 family and amyloid-prone proteins and which, if any, apply to the interaction between
Hsc70 and tau.

Here we compare the effects of Hsc70 and HspB1 on tau self-assembly to explore how

different components of the cellular chaperone network interact with tau and impact fibril
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formation. Using fluorescence spectroscopy, electron microscopy (EM), and time-dependent
NMR spectroscopy, we study how each chaperone alters the kinetics of tau aggregation and how
this is achieved mechanistically. We also compare the binding and recognition of tau by each
chaperone under stable and aggregation-promoting conditions using NMR and fluorescence
correlation spectroscopy (FCS). These experiments reveal that Hsc70 and HspB1 have profoundly
different mechanisms of inhibition, suggesting that they have evolved complementary functions
within the context of the larger chaperone network. This would enable the cell to avoid redundancy

while targeting distinct stages of the tau fibril formation process with different chaperones.

2.2 RESULTS

2.2.1 Hsc70 and HspB1 inhibit tau fibril formation in distinct ways.

We focus primarily on a tau construct containing the four microtubule-binding repeats
(taudRD, also referred to in the literature as K18). This sequence, consisting of residues 244-372,
forms the core of tau fibrils (Daebel et al. 2012) and contains the two 6-residue motifs that are
highly aggregation prone in isolation and in the context of full-length protein (von Bergen et al.
2000). Tau4RD aggregates more readily in vitro than full-length tau and is more amenable to study
by NMR spectroscopy. As with other amyloidogenic proteins, environmental factors such as
temperature, ionic strength, shaking, the amount and nature of aggregation-inducers such as
heparin, and even the type of reaction vessel can dramatically affect tau4RD aggregation. We
therefore explicitly note these experimental parameters where relevant.

We also used selected constructs (Fig. 2.1, middle panel) to tune the activity and oligomeric

state of HspB1 to explore the effects of well-known modifications on its activity and to enable a
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broader range of spectroscopic techniques. Wild-type HspB1 forms large and polydisperse
oligomers, driven by at least three types of interactions: ACD-ACD, ACD-CTR, and NTR-NTR
(Fig. 2.2) (Lelj-Garolla and Mauk 2012; Hochberg et al. 2014). Mutation of three serine residues
in the NTR (S15, S78, and S82) to Asp mimics stress-induced phosphorylation and alters NTR-
NTR interactions, yielding a construct termed HspB1D3 that forms much smaller oligomers than
HspBIWT (Rogalla et al. 1999; Jovcevski et al. 2015). Further mutation of the IXI motif in the
CTR to GXG, residues '’ITIPV'® in HspB1 to GTGPG, disfavors interactions between the ACD
and the CTR, similar to the effects of high temperature (Delbecq et al. 2012; Baldwin et al. 2012).
We combined the D3 and GXG mutations to generate a construct, denoted HspB 1dimer, that forms
a well-defined, monodisperse ~45kDa dimer (Fig. 2.2 B, C) and retains the local secondary
structure of the ACD (Fig. 2.2 D). Crucially, HspBldimer displays much lower background
Thioflavin T (ThT) fluorescence than either HspB1D3 or HspB1WT (Fig. 2.2 E). ThT is a popular
reporter of amyloid formation but is neither perfectly specific nor selective for amyloid structure
(Biancalana and Koide 2010). Indeed, ThT fluoresces strongly in the presence of (presumably non-
amyloid) HspBl oligomers but not dimers. HspBldimer therefore enables mechanistic
experiments based on ThT fluorescence that are impossible with HspB1WT or HspB1D3.

In a ThT-monitored assay, tau4RD shows the sigmoidal fluorescence kinetics expected of
unseeded amyloid formation, with an initial lag phase leading into a rapid elongation phase
followed by an asymptotic approach to a plateau. HspBldimer causes a delay in the onset of
tau4dRD aggregation and in the transition midpoint (tso) in a dose-dependent manner without
substantially altering the magnitude of the final ThT fluorescence signal (Fig. 2.3 A). Hsc70 is a
much more potent, substoichiometric inhibitor of this process, measurably decreasing the final

plateau intensity in a dose-dependent manner even when present at a molar ratio as low as 1:100
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(Fig. 2.3 B). However, in contrast to HspB1dimer, Hsc70 does not substantially alter the tso of the
tau aggregation reactions.

Hsc70’s activity towards tau4RD appears to be nucleotide-independent. In the presence of 1
mM ATP, Hsc70 has a similar effect on taudRD aggregation, decreasing the plateau intensity
without substantially altering the tso (Fig 2.4 A). While it is somewhat less potent under these
conditions, it retains substoichiometric activity and likely acts through a similar mechanism.

We verified the ability of HspB1 and Hsc70 to inhibit the aggregation of the longest full-length
tau isoform, tau2N4R, to confirm that the chaperone activities we observe are generalizable to
interactions with cellular tau. The tau4RD construct lacks six residues (373-378) that were recently
shown to form part of the ordered core of AD patient-derived fibrils, (Fitzpatrick et al. 2017b)
potentially raising questions about the relevance of this well-studied construct. As with tau4RD,
we found that HspB1 predominantly affects the lag phase of tau2N4R aggregation, whereas Hsc70
predominantly affects the plateau (Fig. 2.4 B, C). This indicates that the interactions of these
chaperones with tau4RD and tau2N4R are mechanistically similar and that chaperone/tau4RD
studies can shed light on chaperone interactions with full-length tau isoforms. We focus on the
widely-studied tau4RD construct for the remainder of our studies, as the slower aggregation
kinetics and larger molecular weight of tau2N4R make mechanistic and spectroscopic studies
challenging.

Negative stain EM of the end products of these reactions (Fig. 2.3 C) shows that tau4RD forms
long fibrils in the absence of chaperone, or in the presence of HspBldimer. This indicates that
HspBIldimer only delays fibril formation rather than preventing it. In contrast, Hsc70-containing
reactions yield increasing amounts of small oligomeric species (as compared to long fibrils),

indicating that Hsc70 holds much of the tau4RD in an oligomeric state and can prevent elongation
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of these species into mature fibrils. This confirms that the reduction in ThT fluorescence in
reactions containing Hsc70 does indeed correspond to a decrease in the amount of fibrillar
material, as opposed to morphological differences that could alter ThT fluorescence. Together,
these results demonstrate that, although both chaperones have inhibitory effects on tau

aggregation, they are very different in mechanism and outcome.

2.2.2  HspBl and Hsc70 have distinct mechanisms of inhibition.

To better understand the mechanisms by which each chaperone alters tau4RD aggregation, we
used one-dimensional NMR spectroscopy to study the interactions of HspB1 and Hsc70 with
prefibrillar, ThT-negative species. Large, slowly tumbling species have a weaker signal than
smaller species, so the intensity of an NMR spectrum is dependent upon the oligomeric state of
protein in solution. We expect monomeric tau4RD to have a strong signal, small oligomers to have
a weak signal, and large oligomeric and fibrillar tau4RD to be essentially invisible. A high intensity
resonance in the methyl region at 0.77 ppm provides a good read-out for the intensity of the protein
signal that is well-separated from buffer components or heparin (Fig. 2.6 A). We used *C-labeled
tau4RD and unlabeled chaperones and collected '3C-edited spectra to observe taudRD specifically
(Fig. 2.6 B-C). Loss of peak intensity over time reports on the disappearance of soluble,
monomeric tau4RD and on binding to heparin and chaperones. We normalized all data relative to
the intensity of the first spectrum after the addition of heparin, which is slightly lower than that of
free tau4RD. Under these conditions, tau4RD again displays sigmoidal aggregation kinetics, with
a final intensity < 20% of the first heparin-bound spectrum (Fig 2.5 A,B). Note that these
experiments used a different sample concentration and reaction vessel than the ThT experiments
and are not shaken, making direct comparison between the two types of experiments impossible.

However, an evaluation of the effects of HspB1 and Hsc70 is still informative.
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HspBldimer slows the intensity loss of tau4RD in a dose-dependent manner (Figure 2.5 A).
In the presence of one molar equivalent HspB1dimer, ~70% of the original intensity of tau4RD is
lost after 18 hours, and in the presence of four molar equivalents only about one third of the
intensity is lost. Notably, in unedited spectra, which contain signal from both tau4RD and
HspB1dimer, this intensity loss is more gradual than in the '3C-edited spectra that contain signal
from only taudRD (Figure 2.6 D). This means that HspBldimer is losing signal intensity at a
slower rate than tau4RD, remaining predominantly soluble while tau4RD forms large, NMR-
invisible species.

Hsc70 is much more potent and has distinct effects (Fig. 2.5 B): in the presence of just 1 uM
Hsc70 (1/50 molar equivalents), tau4RD intensity decreases by only ~50%, confirming the highly
effective sub-stoichiometric nature of its inhibition. In the presence of one molar equivalent Hsc70,
the tau4RD intensity drops quickly in the 1-2 hours following the addition of heparin, then plateaus
at ~70% of the initial intensity. We believe that this drop in intensity is due to binding by Hsc70
rather than fibril formation, as the formation of a larger complex with Hsc70 would also result in
a loss of NMR signal intensity for tau4dRD. Indeed, when the product of this reaction is pelleted
and the supernatant and pellet fractions are analyzed by SDS-PAGE, nearly all of the protein
remains in the supernatant, indicating that it remains soluble over the course of the 18 hour
experiment (Fig. 2.5 C). This is in contrast to reactions containing tau4RD or tau4RD +
HspBIldimer, in which most of the tau4RD is in the pellet. Additionally, unedited 1D spectra lose
intensity more quickly than *C-edited spectra, indicating that Hsc70 is losing intensity at an even
higher proportion than tau4RD during this process, likely due to binding. Therefore, we conclude
that Hsc70 binds aggregation-prone tau4RD early in the aggregation reaction and is able to

maintain its solubility over the course of 18 hours. By contrast, HspB1 does not form a tight
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complex with tau4RD during aggregation but instead interacts with it transiently and is less
effective at maintaining its solubility than Hsc70.

To better understand the mechanisms of inhibition, we added each chaperone to tau fibril
formation reactions at varying timepoints after initiating fibril formation with heparin.
HspBldimer was able to delay fibril formation when it was added at the beginning of a reaction
or during the lag phase but had no effect on fibril formation when it was added after the start of
the elongation phase (Fig. 2.5 D). This indicates that HspB1 acts early in the fibril formation
process and interacts with pre-fibrillar species. By contrast, Hsc70 is an effective inhibitor
regardless of when it is added during the course of a fibril formation reaction. It has the same effect
on fibril formation when it is added at the beginning of a reaction or during the lag phase. When
added during the elongation phase, it blocks any subsequent increase in ThT fluorescence and thus
halts further fibril formation (Fig. 2.5 E). Taken together with the 1D NMR results, this reveals
important differences in how the two chaperones function mechanistically. HspB1 acts early to
delay aggregation but is ineffective at blocking elongation of pre-existing fibrils, whereas Hsc70
is effective during all stages of the aggregation process, forming a tight initial complex with

aggregation-prone tau and blocking elongation of existing tau fibrils.

223 HspB1 and Hsc70 both recognize aggregation-prone regions of tau4RD, but with

differences in affinity.

2D NMR spectroscopy was used to obtain a better structural understanding of tau-chaperone
interactions. Despite initial challenges due to the poor chemical shift dispersion of the disordered
tau spectrum, recent advances have enabled the complete backbone resonance assignment of the
tau4RD and tau2N4R spectra (Smet et al. 2004; Mukrasch et al. 2009; Narayanan et al. 2010; Barre

and Eliezer 2013; Mukrasch et al. 2005). Previously-published assignments (Barre and Eliezer
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2013) were transferred to our N-HSQC spectrum of tau4RD, using HNCACB and

CBCA(CO)NH spectra for reference and to resolve ambiguities. Our spectrum was highly similar
to that previously published, with a few exceptions in the histidine- and lysine-rich regions at the
end of each microtubule-binding repeat. These peaks shifted with slight changes in pH or with
EDTA (data not shown), suggesting that these peaks are highly sensitive to pH and to the presence
of metals in water, and that the observed discrepancies are likely due to small differences in buffer
conditions.

The binding sites of each chaperone were mapped onto the sequence of tau4RD by recording
spectra of '"N-labeled taudRD in the presence of unlabeled chaperone proteins. HspB1dimer
causes significant broadening in peaks corresponding to the 3VQIVYK?3'! motif, and it causes
less pronounced broadening in 2VQIINK?® peaks (Fig. 2.7 A). Hsc70 causes significant
broadening in peaks corresponding to both aggregation-prone motifs (Fig. 2.7 B), the same regions
affected in full-length tau (Jinwal et al. 2013). This indicates that the two chaperones recognize
similar regions in tau under non-aggregation-promoting conditions. Notably, the region of tau4RD
recognized by HspB1dimer contains the sequence V-X-I, which is similar to the well-known [-X-
I recognition motif for sHSP binding. Valine can be tolerated in place of isoleucine in such
sequences (Delbecq et al. 2012), so we predict that HspB1 binds this region of tau in the p4-B8
groove of the ACD.

Since a variety of factors can affect NMR peak width, we turned to fluorescence correlation
spectroscopy (FCS) as an orthogonal, direct probe of binding affinity. FCS can measure changes
in hydrodynamic radius (Rn) of a fluorescently labeled protein in the presence of binding partners.
We used site-directed mutagenesis to selectively label tau4RD with AlexaFluor 488 (A488) at

residue 2, and measured Ry, of the resulting tau4RD~A488 construct in the presence of increasing
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concentrations of chaperones (Fig. 2.8). HspBldimer had a minor effect on tau4dRD~A488 Ry,

increasing it only by ~25% when present at 500 uM. This subtle change in Ry, increased without
saturation over HspB1dimer concentrations. The small apparent change in Ry and lack of a plateau
could be due to a relatively compact tau4RD:HspBldimer complex and/or one or more weak
binding modes. It is worth noting that HspB1dimer contains two putative binding sites, one within
each protomer, and NMR results suggest that it can bind to two distinct sites in tau4RD with
different affinity (Fig. 2.7 B). These factors make it impossible to definitively determine a Kp for
the tau4RD:HspBldimer interaction by FCS. By contrast, Hsc70 caused a saturable ~1.7-fold
increase in Ry, suggesting the formation of an Hsc70:tau4dRD~A488 complex with an apparent Kp

0f 99 + 28 M.

2.2.4  Hsc70 binding is enhanced under aggregation-promoting conditions.

Since the interactions between these chaperones and tau are most relevant under aggregation-
promoting conditions, we used NMR to explore how the aggregation-inducer heparin modulates
tau-chaperone interactions. Heparin causes peaks in the tau4dRD N-HSQC spectrum to shift
dramatically, most notably those in the region corresponding to the aggregation-prone motif
2ISVQIINK? (Fig. 2.9 A, B), in agreement with previous reports (Mukrasch et al. 2005; Zhao et
al. 2017). Under the conditions used here, binding is nearly saturated and the peaks represent a
heparin-bound state of tau (Fig. 2.10 A). When HspB 1dimer is added along with heparin, the peaks
still shift as they do in the presence of heparin alone and still broaden as they do in the presence
of HspB1dimer alone. However, these effects are purely additive: there does not appear to be any
additional change beyond what we see when adding HspB1dimer or heparin to tau4RD separately
(Fig. 2.9 C). By contrast, when Hsc70 is added in the presence of heparin, significantly more

broadening is observed than in the heparin-free Hsc70-bound spectrum (Fig. 2.9 D, E; 2.10 B).
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This is presumably due to the formation of a three-component complex in which Hsc70 has
enhanced affinity for heparin-bound tau. The difference between HspB1dimer and Hsc70 is well
illustrated by the peaks corresponding to **VQIVYK?'!. These peaks are broadened to a similar
degree by either chaperone in the absence of heparin, but in the presence of heparin are
significantly broader with Hsc70 than with HspB1dimer (Fig. 2.9 E). These observations suggest
Hsc70 binds more tightly to aggregation-prone heparin-bound tau4RD, while HspBldimer
displays no such selectivity. This agrees well with 1D NMR results, which show that Hsc70 causes
a rapid loss of intensity from the tau4RD spectrum following the addition of heparin, whereas
HspBIldimer does not detectably affect the earliest timepoints relative to the tau4dRD alone curve
(Fig. 2.5 A-B). Hsc70’s preference for aggregation-prone states may explain why it is so much

more potent an aggregation inhibitor than HspB1dimer.

2.2.5  HspBIWT and HspB1D3 behave similarly to HspBldimer.

Finally, we studied the interactions of tau4RD with HspBIWT and HspB1D3. While
HspBldimer is more experimentally tractable due to its defined, monodisperse dimeric state,
HspB1WT and HspB1D3 are more physiologically relevant and can still be studied using a subset
of the techniques available to us. By 1D NMR, HspB1D3 and HspB1WT inhibit tau4RD
aggregation similarly to HspBldimer (Fig. 2.6; 2.11 A, B), transiently interacting with tau4RD
and slowing the loss of monomer signal in a dose-dependent manner. Interestingly, it seems that
HspBldimer is less effective than WT or D3 at an equimolar ratio (50 uM chaperone) but more
effective in 4-fold excess (200 uM chaperone). The oligomeric states of HspB1D3 and WT likely
vary over this concentration range, a phenomenon that alters their chaperone activity in

complicated ways (Rogalla et al. 1999; Jovcevski et al. 2015).
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HspB1WT did not significantly perturb the ’'N-HSQC spectrum of tau4RD, even in four-fold

excess, indicating that its binding is very weak and difficult to detect. HspB1D3 caused some
broadening in the spectrum of tau4RD, particularly in peaks corresponding to 3°VQIVYK?3'!, but
less strongly than HspBldimer, suggesting intermediate affinity (Fig. 2.11 C-F). Changes in
binding affinity between HspB1WT, HspB1D3, and HspBldimer could be due to differences in
the oligomeric state of these constructs, structural changes due to the D3 mutations that enhance
affinity for tau4RD, and/or increased availability of the HspB1 B4-B8 groove due to the GXG
mutations. Notably, these differences in affinity do not appear to correlate with inhibition of
tau4RD fibril formation in 1D NMR experiments, and additional work is needed to elucidate how
inhibition of tau fibril formation relates to HspB1 structure and oligomeric state. Nevertheless, it
is clear that HspB1 interacts with tau in a way that is similar across constructs and mechanistically

distinct from the interactions between Hsc70 and tau.

2.3  DISCUSSION

Molecular chaperones play important roles in maintaining protein solubility and preventing
pathological aggregation. The several families of molecular chaperones each with multiple
isoforms comprise an intricate functional network in the cell. The disparate mechanisms by which
individual chaperones function are not fully understood. We have characterized the interactions
between the amyloid-prone protein tau and two molecular chaperones from different families:
HspB1, a ubiquitously-expressed sHSP, and Hsc70, a constitutively expressed member of the
Hsp70 family. This work shows that the two chaperones interact with distinct tau species and have
profoundly different effects on the kinetics of tau aggregation, suggesting that they play

complementary roles within the context of the cellular chaperone network.
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HspB1 binds tau fairly weakly, and this binding is not enhanced under aggregation-promoting
conditions. Rather, HspB1 interacts transiently with early species of tau in a manner that delays
but does not prevent fibril formation (Fig. 2.12). Such transient interactions have been observed in
many sHSP/client pairings and may be a common mechanism of sHSP “holdase” activity (Cox et
al. 2016; Rajagopal et al. 2015b). Little is known about how HspB1 interacts with client proteins
structurally, in large part due to experimental limitations in dealing with dynamic, polydisperse
systems. The client binding sites of HspB1 have not been mapped to the residue level, to our
knowledge, although studies indicate an important role of the NTR in binding at least some clients
(McDonald et al. 2012). Two binding sites have been mapped on another ubiquitously expressed
human sHSP, HspB5: one in the NTR and one in the ACD (Mainz et al. 2015). We hypothesize
that HspB1 binds the V-X-I motif in tau in the f4-B8 groove of the ACD, in accord with previous
work on HspB5/client binding (Mainz et al. 2015; Delbecq et al. 2012) and HspB1 ACD/CTR
interactions (Hochberg et al. 2014). We find no correlation between the oligomeric state of HspB1
and its chaperone activity toward tau. While the oligomeric state does correlate with binding
affinity in this work, it is unclear which factors cause this: the D3 and GXG mutations could alter
affinity or chaperone activity independently of their effects on oligomer size.

Hsc70 also has fairly low affinity for tau under non-aggregating conditions, with a Kp around
100 uM. However, this binding is enhanced in the presence of the aggregation-inducer heparin,
enabling Hsc70 to form a tight complex with aggregation-prone tau. It is a highly potent inhibitor
and is effective even when present at a 1:50 molar ratio, and it can arrest fibril formation when it
is added to an aggregation reaction at any time point. Hsc70 is fully capable of binding monomeric
tau4RD, but its substoichiometric potency in fibril formation reactions and ability to block

elongation even late in a reaction suggest that it can also interact with larger oligomeric or fibrillar
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species. Our data are consistent with a model wherein Hsc70 caps the ends of fibrils and
elongation-competent oligomers and prevents elongation of these species (Fig. 2.12). Notably,
Hsp70 also has been shown to interact with tau oligomers (Patterson et al. 2011), suggesting that
this may be a common mode of action for members of the Hsp70 family. Hsp70 family chaperones
have also been reported to display similarly ATP-independent, substoichiometric inhibition of a-
synuclein amyloid formation, again by interacting with both monomeric and fibrillar states (Chaari
etal. 2016; Aprile et al. 2017). It should be noted that our experiments studied the activity of Hsc70
in the absence of co-chaperones from the Hsp40 family or nucleotide-exchange factors. How these
co-chaperones engage with Hsc70 and tau remains to be seen. Another open question is whether
Hsc70’s activity would be beneficial to the cell by preventing fibril formation or detrimental by
causing the accumulation of toxic oligomeric species.

Recent cryoEM structures of AD patient-derived tau fibrils have provided valuable new insight
into at least two tau fibril morphologies found in vivo (Fitzpatrick et al. 2017b). Proteolysis assays
indicate that patient-derived fibrils from different tauopathies have distinct morphologies
(Taniguchi-Watanabe et al. 2016). An understanding of the diversity of tau fibril morphologies
thus remains an important open question. Notably, the Fitzpatrick et al. cryoEM structures indicate
that residues 373—-378 form part of the fibril core in both morphologies, but these residues are
absent from the tau4RD construct used in this paper and many others. It is unclear whether or how
these residues affect aggregation mechanism, as compared to canonical aggregation drivers such
as **VQIVYK?3!! (von Bergen et al. 2000). We therefore compared chaperone effects on fibril
formation by tau4RD and full-length tau2N4R.

HspB1 and Hsc70 have similar effects on the fibril formation kinetics of tau4RD and tau2N4R,

indicating that they interact with the full-length protein in a manner similar to the shorter construct
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that lacks residues 373-378. NMR studies of Hsc70 binding to tau2N4R show that Hsc70 causes

slight broadening in peaks corresponding to residues 375-380 of tau2N4R, though this broadening
is not as strong as that of the 27SVQIINK?# and *°°VQIVYK3!! motifs (Jinwal et al. 2013; Fontaine
et al. 2015). Because we found similar Hsc70 chaperone activity against tau4RD, which does not
contain these residues, and tau2N4R, which does, we believe that this interaction does not
significantly alter Hsc70’s mechanism of action. Because no structural studies involving full-
length tau and HspB1 have been conducted, it remains to be seen whether HspB1 interacts with
regions of full-length tau in addition to those observed here using the tau4RD construct.
HspBldimer was a somewhat more potent inhibitor of tau2N4R fibril formation than of tau4RD
fibril formation. Whether this is due to slower aggregation kinetics of tau2N4R, altered binding of
HspBI1 to tau2N4R, or a different factor is unknown.

The disparate effects of HspB1 and Hsc70 on tau fibril formation point to interesting ways
different members of the cellular chaperone network complement each other in the prevention of
protein aggregation. The sHSPs have been described as “first responders” to cell stress events
(Basha et al. 2012), a descriptor that fits the activity of HspB1 described here well. It is easy to
imagine a scenario in which HspB1 interacts with tau during early stages of fibril formation,
delaying the formation of toxic oligomers, and Hsc70 interacts with oligomers and later species in
the fibril formation process. HspB1 is phosphorylated and upregulated in response to stress,
whereas Hsc70 is constitutively expressed. The load of aggregation-prone proteins increases
during stress events, and enhanced activity of HspB1 during these events could relieve some of
the pressure on Hsc70 by delaying their aggregation until Hsc70 is better able to handle the
increased workload. Few studies have examined the interactions between human Hsc70 and

HspBI1, although recent work suggests the two proteins may be physically linked through
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interactions with the nucleotide-exchange factor BAG3 (Rauch et al. 2017). There is evidence that
E. coli sHSPs work with the E. coli Hsp70 homolog, Dnak, in preventing protein aggregation
(Veinger et al. 1998; Zwirowski et al. 2017). Additional work is needed to elucidate how HspB1
and Hsc70 function in the context of the full human chaperone network and how this relates to
pathological protein aggregation in diseases such as tauopathies. However, our work points to
distinct but complementary roles Hsc70 and HspB1 could play in the prevention of tau fibril

formation by engaging distinct species along the amyloid formation pathway.

2.4  EXPERIMENTAL PROCEDURES

2.4.1 Protein expression and purification:

A plasmid containing the His-tagged tau4RD gene with a TEV-cleavage site was a gift from
the Rhoades lab at the University of Pennsylvania. A pMCSG7 vector containing His-tagged
Hsc70 (HSPAS8) with a TEV cleavage site was a gift from the Southworth lab at the University of
Michigan. Untagged HspB1 constructs were expressed in pET23a (WT) and pET151D (D3 and
dimer) vectors. All recombinant proteins were expressed and purified from Escherichia coli strain
BL-21 (DE3). Unlabeled tau4RD and HspB1 were expressed in 1L cultures in Luria-Bertani (LB)
media, and unlabeled Hsc70 was expressed in Terrific Broth. Isotopically labeled tau4RD was
expressed in 1L MOPS minimal media supplemented with '3C glucose, "N ammonium chloride,
or both. All were incubated at 37°C until reaching an optical density of 0.6. Tau MTBR expression
was induced with 0.4 mM IPTG and grown overnight at 16°C. HspB1 expression was induced
with 1 mM IPTG and grown at 22°C, and Hsc70 expression was induced with 0.2 mM IPTG and

grown at 28°C.
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Hsc70 was purified from 1L cell pellets resuspended in 30 mL pH 8.0 50 mM Tris buffer with

500 mM NaCl and 10 mM imidazole. PMSF, 1x Halt protease inhibitor cocktail (Thermo
Scientific), DNase, and RNase were added, and sample was lysed using a French press, then
pelleted by centrifugation at 4100 RPM for one hour. Supernatant was filtered with a 0.45 pum
syringe filter, then passed over a 5 mL Ni?* affinity column (GE Healthcare). His-tagged Hsc70
was eluted with buffer containing 250 mM imidazole, then dialyzed overnight back into buffer
containing 10 mM imidazole in the presence of ~ 1 uM TEV protease (expressed from Addgene
plasmid #8830, a gift from David Waugh) to cleave the His-tag. Dialyzed sample was run over a
Ni*" column to separate cleaved protein from uncleaved protein, cleaved His-tag, and TEV
protease. The flow-through was concentrated with a 10,000MWCO Amicon concentrator, then
buffer-exchanged into pH 8.0 25 mM Tris buffer with 1 mM EDTA. Sample was loaded onto a 5
mL HiTrap Q HP column (GE Healthcare) and eluted in a 25 mL gradient to buffer containing 500
mM NacCl. Purity was assessed by SDS-PAGE, and pooled fractions were concentrated to 2-3 mL.
Sample was passed over a Superdex 200 10/300 GL column (GE Healthcare) in 500 pL batches.
Fractions were analyzed by SDS PAGE, pooled based on purity, concentrated, flash-frozen in
liquid nitrogen and stored at -80°C. Tau4RD constructs were purified as described previously
(Nakatani-Webster and Nath 2017) in a protocol very similar to Hsc70, but which omits the anion-
exchange chromatography step. HspB1 was purified as described previously (Clouser and Klevit

2017).

2.42  Analytical SEC:

All samples were prepared in pH 7.5 buffer containing 50 mM sodium phosphate, 100 mM
sodium chloride, and 0.5 mM EDTA and allowed to equilibrate at room temperature for at least 3

hours. For SEC, 100uL samples of 50 uM HspB1 were run over a Superose 6 10/300 mm column
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(GE Healthcare) equilibrated in the identical buffer as the samples, at room temperature. For SEC-
MALS, 25uL samples of 100 uM HspB1 were equilibrated at room temperature for at least 3 hours
prior to being placed in a 4°C autosampler. Samples were run over a Superose 6 Increase 3.2/300
mm column at room temperature, equilibrated in the identical buffer. Chromatograms were
collected on a GE AKTA Pure coupled to a Wyatt miniDAWN TREOS and Optilab T-rEX
differential refractive index detector. Molar mass was calculated from the Raleigh ratio based on
multi-angle (static) light scattering and protein concentration from the change in refractive index
(dn/dc = 0.185). Analysis was performed using Wyatt ASTRA VI software, and curves were

calibrated with apoferritin.

243 Circular Dichroism:

CD spectra of HspB1 and its mutants were collected on a Jasco J-1500 CD spectrometer.
Samples contained 10uM of protein in 25 mM sodium phosphate buffer with 50 mM sodium
chloride and 0.25 mM EDTA at pH 7.5. Samples were equilibrated at room temperature for at least
3 hours prior to measurement and measured in a 0.1 cm cuvette. Measurements were taken at 20°C
from 260-190 nm in continuous scanning mode with a scanning rate of 50 nm/min, data integration
time of 2 seconds, and bandwidth of 1 nm. Data presented are an average of 3 scans and data are
truncated at a wavelength resulting in a high-tension value at or above the recommended 800V

cutoff.

2.4.4 ThT fluorescence spectra:

Samples were prepared containing 5 or 20 uM HspB1 in 50 mM sodium phosphate buffer (pH

7.5) containing 100 mM sodium chloride and 0.5 mM EDTA. ThT was added to a concentration
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of 75 uM and samples were covered in foil and incubated at room temperature for 3 hours. Samples
were incubated at 37°C immediately prior to fluorescence measurements, which were also
recorded at 37°C. Using a Horiba Fluorolog 3 fluorimeter, samples were excited at 440 nm (1.2

nm slit width) and emission spectra from 450 to 550 nm (5 nm slit width) were collected.

2.4.5 ThT kinetic assays:

TaudRD, ThT, and chaperone were added to wells in a 96-well black flat-bottom non-binding
plate (Corning) in buffer containing 30 mM sodium phosphate, 20 mM sodium chloride, 5 mM
dithiothreitol, and 0.5 mM EDTA at pH 7.4. Immediately before beginning the reads, 100 pL
heparin (MP Biomedicals, average MW 3,000 Da) solution was added to each well, bringing the
total volume to 200 puL and the concentrations to 3.5 pM tau4RD, 6 uM heparin, and 75 uM ThT.
Six replicates were included for each experimental condition. Experiments done in the presence of
ATP also included 1 mM ATP, 1 mM MgCl,, and 1 mM KCI. Solutions containing heparin and
tau4RD + ThT were filtered with a 0.22 pm syringe filter immediately prior to addition to the plate.
Solutions containing chaperone were centrifuged at 21.1 g for 10 minutes prior to addition. The
plate was covered with clear polyolefin sealing tape (Thermo Scientific) to prevent evaporation
and placed in a Biotek Synergy HTX multi-mode plate reader. Samples were held at 37°C and
fluorescence was measured every 2.5 minutes using 440 nm and 485 nm filters for excitation and
emission, respectively. Immediately before each fluorescence read, plate was shaken linearly at
1096 cpm for one minute. Delayed addition experiments were programmed to pause at appropriate
timepoints to enable addition of 10 uLL chaperone solution or buffer to the appropriate wells. All
other conditions were the same. Experiments with full-length tau were conducted under similar
conditions, but used 5 uM tau2N4R, were shaken continuously, and were read at 10 minute

intervals.
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2.4.6 Electron microscopy:

300 mesh carbon-coated copper grids (Electron Microscopy Services) were glow-discharged
and spotted with 3 puL of the end products of tau4RD ThT assays. Samples adsorbed for 60 seconds,
then were blotted by filter paper, rinsed with filtered milliQ water and blotted twice, and floated
on a drop of NanoW stain (NanoProbes) for 60 seconds. Stain was blotted with filter paper, and
grids were allowed to dry on filter paper then stored in a container at room temperature. Grids

were visualized on a Morgagni electron microscope with a 100kV beam.

2.4.7 1D NMR assays.

50 uM samples of '3C-labeled tau4RD were prepared with or without chaperone in pH 7.4
buffer containing 25 mM sodium phosphate, 10 mM sodium chloride, 5 mM dithiothreitol, 0.5
mM EDTA, and 10% D-O. Initial unedited 1D watergate and '*C-edited spectra were collected on
a 500 MHz Bruker magnet at 37°C. *C-edited 1D spectra are the first slice of a '*C-HSQC. The
sample was then removed, heparin was added to a final concentration of 120 uM, and a series of
alternating unedited and '*C-edited spectra were collected over the course of 18 hours. At the end
of the experiment, sample was removed from the NMR tube, and a 100 pL aliquot was centrifuged
at 21.1x g for 60 minutes. Supernatant was removed and 100 pL buffer was added to wash the
pellet. Sample was centrifuged at 21.1x g for 15 minutes, supernatant was removed, and pellet was
resuspended in 100 puL buffer. Samples from the total reaction, the supernatant, and the pellet were
analyzed by SDS-PAGE. NMR spectra were processed using NMR pipe. For each spectrum, the
intensity of a peak in the methyl region at 0.77 ppm in the unedited and 0.89 ppm in the edited

spectra was measured. The intensity of this peak was normalized to the intensity of the same peak
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in the first spectrum following heparin addition, and relative intensities were plotted as a function

of time.

2.4.8 Fluorescence correlation spectroscopy:

A construct of tau4RD with both native cysteines mutated to serine and an additional cysteine
incorporated as the second residue was created using the Phusion Site-Directed Mutagenesis kit
(Thermo Scientific). Alexa Fluor 488 C5 maleimide (Life Technologies) was conjugated to this
cysteine residue by incubating 100 uM purified protein with ~3-fold excess dye at room
temperature for 2 hours. Labeled protein was separated from unlabeled protein and free dye on a
BDS Hypersil C18 column run with a water/acetonitrile gradient in the presence of 0.05%TFA on
a Dionex Ultimate 3000 HPLC. Fractions containing labeled protein were collected, and solvent
was evaporated. Dried labeled protein was stored at -20°C and resuspended in buffer prior to use.
Aliquots of resuspended protein were flash-frozen in liquid nitrogen and stored at -80°C until
immediately prior to use. 50 pL samples containing chaperone protein and 2 mg/mL BSA were
prepared in pH 7.4 buffer containing 25 mM sodium phosphate, 100 mM sodium chloride, 2 mM
dithiothreitol, and 0.5 mM EDTA. For Hsc70 binding experiments, 1 pL labeled tau4RD was
added to the sample 5 minutes prior to recording FCS measurements. For HspB1dimer binding
experiments, tau4RD was added and samples were incubated at room temperature for 3-5 hours
prior to FCS measurements. The diffusion of each sample was measured on a Zeiss Axio Observer
D1 confocal microscope equipped with a Picoquant PDL 828 Sepia II pulsed laser driver,
HydraHarp 400 detection electronics and a Picoquant t-SPAD single photon counting module.
Laser excitation was at 485 nm, and emitted light was collected through a 488 nm dichroic mirror
and 535/70 emission filter. Seven consecutive l-minute measurements were recorded and

autocorrelation curves for each measurement were calculated using SymphoTime 64 software.
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Each curve was fit using GraphPad Prism to the following equation for free diffusion, where N is
average number of particles in the focal volume, 7p is the diffusion time of each particle, and s (the
ratio of the radial to axial dimension of the focal volume) fixed to 0.2 based on calibration

measurements:

G(r)= S
N(1+%D)\/1+S%D

Each curve was normalized to the value of N determined by this fitting, and the seven curves
for each condition were averaged. Since R, 7, all diffusion times were normalized to that of free

tau4RD, and the relative fold-change was fit to the following 1-site model:

R nomm 1 AR}'Z”::” [hSp ]
o At
K, +[hsp]
where R, is the normalized Ry at a given chaperone concentration, AR "™ is the maximal

fold-change in Ry, [Asp] is the concentration of chaperone, and Kp is the dissociation constant.
2.4.9 2D NMR spectroscopy:

NMR samples contained 100 or 200 uM labeled tau4RD protein in pH 7.4 buffer containing
25 mM sodium phosphate, 100 mM sodium chloride, 2 mM DTT, and 0.5 mM EDTA. Spectra
were collected at 10°C on a Bruker Avance I1I 800 MHz magnet equipped with a triple-resonance,
z-gradient cryoprobe. HNCACB and CBCA(CO)NH spectra were used to transfer published
assignments (Barre and Eliezer 2013) to the ’'N TROSY HSQC spectrum of tau4RD. Data were
processed using NMRpipe and analyzed with NMRViewl]. Peak broadening was quantified by
dividing the intensity of each peak in the bound spectrum by the intensity of the corresponding

peak in the unbound spectrum. Chemical shift perturbations were quantified with the following
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equation, where AHN is the amide proton chemical shift difference and AN is the >N backbone

amide chemical shift difference:

CSP = \(AHNY +(AN/5)’
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Figure 2.1. Domain organization of tau, HspB1, and Hsc70

(Top) Full-length tau2N4R is natively unstructured, and consists of four domains. The tau4RD
construct used in this work contains residues 244-372, which includes the four microtubule-
binding repeats. The sequences 2*VQIINK?*? and 3%°VQIVYK3!! at the beginning of the second
and third repeats drive tau fibril formation. Shaded areas denote regions that can be alternatively
spliced.

(Middle) HspB1 contains three domains. The core ACD has a -sandwich fold and forms a
stable dimer. The CTR is intrinsically disordered and contains an IXI motif that interacts with the
ACD in the context of large oligomers. The NTR is partially disordered and involved in
oligomerization, and it contains three serine residues that are phosphorylated in response to cellular
stress. The “D3” and “dimer” constructs, described in the text, affect the oligomerization state of
HspBl1.

(Bottom) Hsc70 contains two domains: an N-terminal nucleotide binding domain with ATPase
activity and a C-terminal substrate binding domain that interacts with client proteins.
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Figure 2.2.. Characterization of HspB1dimer

(A) Oligomerization schematic of HspB1. Dimerization is driven by the core ACD
(green; PDB ID: 2N3J). Each protomer has a -sandwich fold and dimerizes along the f6+7
strand (53). Higher-order oligomerization is caused by interactions between the 4-f8 groove of

the ACD and the sequence "PITIPV'® in the C-terminal region, as well as interactions between
N-terminal regions from different subunits.

(B) Size-exclusion chromatograms of HspB1 constructs (50uM initial concentration) run
on a 24 mL analytical Superose 6 column. HspB1WT (green) elutes early as a broad peak,
indicating a polydisperse population of high molecular weight oligomers. HspB1D3 (teal) elutes
later but remains broad, indicating a polydisperse population of smaller oligomers. HspB1dimer
elutes last and has a highly symmetric, sharp peak, indicating a more monodisperse sample.

(C) SEC-MALS chromatograms comparing HspB1WT (green) to HspB1dimer (blue) run
over a 2.4 mL Superose 6 column. HspB1WT elutes earlier and consists of a range of molecular
weight species (dotted green line). HspB1dimer elutes later and contains a single molecular-
weight species corresponding to a monodisperse dimer (dotted blue line).

(D) Far-UV circular dichroism spectra recorded on 10 uM samples of HspB1 constructs.
HspB1D3 and HspB1dimer are similar in secondary structure and distinct from HspB1WT.

(E) ThT fluorescence emission spectra of HspB1 constructs. Solid lines contain 20 uM
pro- tein, and dashed lines contain 5 uM protein.
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Figure 2.3. Effects of Hsc70 and HspB1 on tau4RD fibril formation

(A) ThT fluorescence traces over the course of a representative fibril formation reaction.
Tau4RD (3.5 uM) fibrillizes over the course of 10 hours following the addition of the aggregation-
inducer heparin (6 uM, average MW 3 kDa) and follows expected unseeded amyloid formation
kinetics. HspB1dimer delays the onset of tau4RD fibril formation in a dose-dependent manner but
does not alter the final ThT fluorescence signal. Each trace is the average of 6 replicates in a 96-
well plate. For clarity, error bands (SEM) are shown only for the highest and lowest chaperone
concentrations.

(B) Hsc70 is a highly potent substoichiometric inhibitor and decreases the extent of fibril
formation in a dose-dependent manner.
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Figure 2.4. Effects of tau sequence and ATP on chaperone activity
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(A) ThT fluorescence traces over the course of a tau4RD fibril formation reaction in the
presence of | mM ATP. Hsc70 has a similar effect on taudRD fibril formation kinetics under
these conditions, but is a slightly less potent inhibitor.

(B) ThT fluorescence traces over the course of a full-length tau fibril formation reaction.
Tau2N4R (5 uM) fibrillizes over the course of four days following the addition of 6 uM heparin.
As with tau4RD, HspB1dimer delays the onset of fibril formation in a dose-dependent manner.
Note the expanded timescale of the x-axis relative to Panel A, due to the slower kinetics of full-

length tau.

(C) Hsc70 remains a highly potent substoichiometric inhibitor capable of lowering the
plateau intensity of tau2N4R fibril formation. Note the expanded timescale of the x-axis relative
to Panel A, due to the slower kinetics of full-length tau.
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Figure 2.5. Mechanisms of chaperone inhibition

(A) Intensity from 1D NMR spectra monitoring the disappearance of small, soluble tau4RD
species during aggregation. In the absence of chaperone (grey circles), 50 uM tau4RD loses some
intensity following the addition of 120 uM heparin (drop between first and second data points),
then loses intensity in a sigmoidal manner as it becomes incorporated in NMR-invisible fibrils.
HspBldimer slows this intensity loss in a dose-dependent manner (blue squares and triangles).

(B) Hsc70 is inhibitory even at a 1:50 molar ratio, making it a highly potent substoichiometric
inhibitor. At a 1:1 ratio it causes a rapid decrease in intensity, likely due to enhanced binding in
the presence of heparin, followed by a plateau.

(C) SDS-PAGE analysis of end-products of 1D NMR experiments. End products were
centrifuged, and total end products (T), supernatant (S), and pellet (P) were run on a gel. In the
absence of chaperone and in the presence of 1 molar equivalent HspB1dimer, most of the tau4RD
ends up in the insoluble fraction. In the presence of 1 molar equivalent Hsc70, almost all of the
tau4RD remains soluble. This indicates that the rapid intensity loss in the presence of Hsc70 is due
to binding rather than aggregation.

(D) ThT fluorescence traces over the course of a tau4RD fibril formation reaction. HspB1dimer
(1 molar equivalent) was added to 3.5 uM taud4RD either at the beginning of the reaction (dark
blue) or 0.5, 1, or 2.5 hours after the reaction had been initiated by the addition of 6 uM heparin
(lighter blues). HspB1dimer was still effective at delaying aggregation when added during the lag
phase of the reaction but was no longer effective when added during the elongation phase of the
reaction. Adding buffer instead of chaperone at any time point did not alter aggregation kinetics
(grey curves). Curves are averages of 6 replicates. For clarity, error bands (SEM) are shown only
for the 0 hour experiments.
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(E) Hsc70 (0.05 molar equivalents) was added to 3.5 uM tau4RD either at the beginning of the
reaction (dark red) or 0.5, 1, or 2 hours after the reaction had been started by the addition of 6 uM
heparin (lighter reds). Addition of Hsc70 during the lag phase did not alter its effect on the
aggregation kinetics, and addition during the elongation phase prevented any further increase in
ThT fluorescence. Adding buffer instead of chaperone at any time point did not alter aggregation
kinetics (grey curves). Curves are averages of 4 or 6 replicates.
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Figure 2.6. 1D NMR data from !*C-edited and unedited '"H NMR spectra
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(A) Unedited 'H NMR spectra of 50 uM tau4RD (black) and 240 uM heparin (orange) in
buffer. The peak used to quantify relative tau4RD intensity at 0.77 ppm (red dashed box) is well-
separated from signal arising from heparin and buffer components.

(B) Region of the unedited 'H NMR spectrum of tau4RD (50 uM) containing the peak
used to quantify relative intensity (black). The addition of 50 uM chaperone protein increases the
signal in this region (colors).

(C) Region of the BC-edited spectrum of 50 uM tau4RD alone (black) and in the
presence of 50 uM unlabeled chaperone protein (colors). The chaperones do not contribute to the
signal in these spectra, but some constructs cause broadening of the tau4RD signal.

(D) Quantification of intensity loss of PC-edited and unedited 'H spectra over time.
Taud4RD loses intensity at the same rate in both types of spectra in the absence of chaperone
(black and gray circles). In experiments containing Hsc70, unedited spectra lose intensity at a
faster rate than ’C-edited spectra, indicating that Hsc70 loses intensity at a rate faster than
tau4RD. In experiments containing HspB1, unedited spectra lose intensity at a slower rate than

BC-edited spectra, indicating that HspB1 does not lose intensity as quickly as tau4RD.
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Figure 2.7. Chaperone binding sites

(A) PN-HSQC TROSY of '“N-labeled taudRD alone (black) and in the presence of 2 molar

equivalents HspB1dimer (blue).
(B) ’'N-HSQC TROSY of "N-labeled tau4RD alone (black) and in the presence of 2 molar

equivalents Hsc70 (red).

(C) Peak broadening from (A) and (B), quantified by dividing the intensity of a peak in the
bound spectrum (I) by the intensity of the same peak in the unbound spectrum (Ip). Broadening
due to HspB1dimer maps primarily to the aggregation-prone motif in the third repeat of tau4RD
(CoVQIVYK3!), while broadening due to Hsc70 maps to the aggregation-prone motifs at the start
of both the second and third repeats of taudRD (?’3VQIINK?# and 3**VQIVYK?311).
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Figure 2.8. Chaperone binding affinities

FCS-derived changes in hydrodynamic radius of tau4RD~A488, measured in the presence of
increasing concentrations of Hsc70 (solid circles) or HspB1dimer (empty circles). The Hsc70 data
are well-fit by a one-site binding model with Kp =99 + 28 uM, while HspB1dimer does not appear
to saturate up to a chaperone concentration of 750 pM.
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Figure 2.9. Effects of heparin on chaperone binding

(A) PN-HSQC TROSY of *N-labeled tau4RD alone (black) and in the presence of 2.4 molar
equivalents heparin (gray).

(B) Chemical shift perturbations (CSPs) of each peak in (A) plotted as a function of residue
number. Highest CSPs map to the aggregation-prone motif at the start of the second repeat of
tau4RD, 2VQIINK?280,

(C) PN-HSQC TROSY of ’N-labeled taud4RD alone (black), in the presence of 2.4 molar
equivalents heparin (gray), in the presence of 2 molar equivalents HspB1dimer (blue), and in the
presence of both 2.4 equivalents heparin and 2 equivalents HspB1dimer (yellow). HspB1ldimer
binding is largely unchanged by the presence of heparin.

(D) N-HSQC TROSY of '“N-labeled tau4RD alone (black), in the presence of 2.4 molar
equivalents heparin (gray), in the presence of 2 molar equivalents Hsc70 (red), and in the presence
of both 2.4 equivalents heparin and 2 equivalents Hsc70 (yellow). Hsc70 binding is enhanced by
the presence of heparin, as indicated by the enhanced broadening in the yellow spectrum relative
to the red.

(E) Comparison of residues V309, Y310, and K311 in the HspB1dimer-bound and Hsc70-
bound spectra in the presence of heparin. Although HspB1dimer and Hsc70 cause a similar amount
of broadening in these peaks in the absence of heparin, in the presence of heparin Hsc70 causes
significantly more broadening in these peaks than HspB1dimer, indicating that heparin enhances
Hsc70 binding in a way that it does not for HspB1dimer.
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Figure 2.10. Characterization of chaperone binding to heparin-bound tau

(A) 15N-HSQC spectra of tau4RD in the presence of heparin. Under the conditions used
in Fig. 2.9 (grey, 100 uM tau4RD + 240 uM heparin), heparin binding is near saturation, as
peaks nearly overlap with a fully-saturated spectrum (purple, 200 uM tau4RD + 1 mM heparin).
At a lower heparin concentration (orange, 100 uM tau4RD + 120 uM heparin), peaks shift
relative to unbound tau4RD (black, 100 uM taud4RD) but less than they do in the saturated
spectra.

(B) Quantification of tau4RD peak broadening due to chaperone binding in the presence
of heparin, relative to the heparin-only spectrum. Hsc70 (red) causes significantly more
broadening in the presence of heparin than HspB1 (blue), indicating that it has enhanced affinity
for aggrega- tion-prone tau4RD.
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Figure 2.11. Effects of HspBIWT and HspB1D3 on tau4RD

(A) Intensity from 1D NMR spectra monitoring the disappearance of small, soluble tau4RD
species during aggregation in the presence of HspBIWT. HspB1WT (green squares and triangles)
slows this intensity loss in a manner similar to HspB1dimer (Fig. 2.5A).

(B) Intensity from 1D NMR spectra monitoring tau4RD aggregation in the presence of
HspB1D3 (teal squares and triangles). HspB1D3 slows intensity loss in a manner similar to
HspBldimer and WT.

(C) N-HSQC TROSY of '"N-labeled taud4RD alone (black) and in the presence of 4 molar
equivalents HspB1WT (green). There is very little significant broadening in the spectrum with
HspB1WT, suggesting that binding is very weak.

(D) N-HSQC TROSY of ’N-labeled tau4RD alone (black) and in the presence of 4 molar
equivalents HspB1D3 (teal). There is slight broadening in peaks corresponding to **°VQIVYK3!!,
indicating some binding.

(E) 'N-HSQC TROSY of ’N-labeled tau4RD alone (black) and in the presence of 4 molar
equivalents HspBldimer (blue). Peak broadening is much more substantial, indicating that
HspB1IWT and D3 both bind more weakly than HspB1dimer.

(F) Quantification of tau 4RD peak intensity loss due to HspB1WT, HspB1D3, and
HspBldimer binding.
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Figure 2.12. Model of chaperone effects on tau aggregation

HspB1 and Hsc70 interact with different species along the tau amyloid formation pathway.
HspBI interacts with early species and delays the formation of tau oligomers and fibrils (1D NMR
and ThT results). Hsc70 has enhanced affinity for aggregation-prone, heparin-bound tau (1D and
2D NMR results), can hold tau in an oligomeric state (EM results) and can prevent fibril elongation
(ThT results).
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Chapter 3. INTERPLAY OF DISORDERED AND ORDERED

REGIONS IN A HUMAN SMALL HEAT SHOCK
PROTEIN YIELDS AN ENSEMBLE OF “QUASI-
ORDERED” STATES

[Adapted from Clouser, Baughman, Basanta, Guttman, Nath, and Klevit (2019) “Interplay of
disordered and ordered regions in a human small heat shock protein yields an ensemble of ‘quasi-
ordered’ states” (under review)]

Abstract:

Small heat shock proteins (sHSPs) are nature’s “first responders” to cellular stress; their ubiquitous
presence and rapid activation via phosphorylation make them readily available to interact with
affected proteins and help prevent their aggregation. However, relatively little is known about the
structure of sHSPs, especially regarding the disordered regions and their relationship to the well-
defined structural cores. In the human sHSP HSPBI, the disordered N-terminal region (NTR)
makes up nearly 50% of the sequence, yet there is essentially no structural information available
for this domain. Building on NMR and hydrogen-deuterium exchange mass spectrometry
(HDXMS) work from a previous graduate student, Amanda Clouser, we investigated interactions
between the NTR and the alpha-crystallin domain (ACD) of HSPBI1. We used solution NMR to
elucidate extensive interactions between regions of the NTR and grooves on the ACD. Many of
these interactions were highly specific and were used to build a structural model of dimeric HSPB1
involving extensive NTR-ACD interactions. The combined results support a model in which
multiple grooves of an ACD dimer can interact with discrete regions of the NTR or be unoccupied.
The resulting myriad combinations yields an ensemble of “quasi-ordered” NTR states and helps

explain the conformational heterogeneity observed in large, polydisperse oligomers and even
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monodisperse dimers. We also investigated the mechanisms by which alterations such as
phosphorylation and disease-associated mutations alter NTR-ACD contacts and alter the

distribution of accessible states.

3.1 INTRODUCTION

Small heat shock proteins (sHSPs) are a class of molecular chaperones that help maintain
cellular proteostasis. Unlike other heat shock proteins, sHSPs are ATP-independent and are
believed to interact with exposed hydrophobic regions of partly unfolded or misfolded proteins to
help prevent irreversible aggregation. However, our understanding of sHSP structure and function
lags behind that of other classes of chaperones. Several properties make mammalian sHSPs
particularly challenging for structural characterization. First and foremost, many sHSPs form large
homo- and/or hetero-oligomers, and many of these exist as broad distributions of differently sized
oligomeric species. Furthermore, subunits exchange rapidly among oligomers, making it difficult
to capture a single oligomeric state, or even a narrow distribution of states. Second, up to 50% of
the sequence of sHSPs is unresolved in the few structures of full-length sHSPs available and is
believed to be intrinsically disordered. Third, there is often local conformational heterogeneity
even within ordered regions of the protein. Finally, the transient and promiscuous nature of
interactions between sHSPs and client proteins makes it challenging to capture a sHSP/client
complex of the sort that has fueled structural-mechanistic understanding of other chaperones.

sHSPs consist of three regions that also define different types of inter-protomer interactions
in homo-oligomers (Figure 3.1 A). Most current structural information on human sHSPs is based
on the structures of their defining feature, the central a-crystallin domain (ACD) (Rajagopal et al.

2015b, 2015a; Hochberg et al. 2014; Baranova et al. 2011; Bagnéris et al. 2009). Both sequentially
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and structurally conserved among the human paralogs, ACDs form an IgG-like B-sandwich fold
of six or seven strands (Fig. 3.1b). ACDs dimerize by anti-parallel alignment of their B6+7 strands
to form a long B-sheet dimer interface (ACD-ACD interaction). The flanking regions on either
side of the ACD are far less conserved among paralogs and are predominantly disordered. The C-
terminal region (CTR) is a relatively short extension that contains many charged residues and is
inherently disordered. Most human sHSPs known to exist as large oligomers contain a three-
residue motif of alternating Ile or Val residues known as the “IXI” motif near the beginning of
their CTR. IXI motifs can bind in a “knob-and-hole” fashion into a groove formed between the top
and bottom sheets of the ACD B-sandwich (the “B4/B8 groove”, Fig. 3.1b) (Delbecq et al. 2012).
Finally, the N-terminal region (NTR) is a relatively long extension (50-100 residues in vertebrates)
that is presumed to be disordered based on secondary structure prediction and the lack of density
in electron microscopy (EM) and X-ray crystallography-based structures of sHSPs.

Relative to typical disordered regions, the NTR is enriched in hydrophobic and aromatic
residues. Short regions of order have been observed in the NTR by solid-state nuclear magnetic
resonance (NMR) of HPSBS5 (Jehle et al. 2011), in a crystal structure of HSPB6 in complex with
a client protein (Sluchanko et al. 2017), and in a crystal structure of an HSPB2/HSPB3
heterotetramer (Clark et al. 2018). Given the lack of conservation in the NTRs among paralogs
(Figure 3.1 C), whether there are similarities among the structural features of NTRs of other sHSPs
remains an open question.

HSPBI1 is among the most ubiquitously expressed of the ten human sHSPs. It is implicated
in multiple biological roles in diverse cellular pathways, diseases, and tissues (Janowska et al.
2019). HSPBI1 is phosphorylated within minutes after cells are subjected to stress (heat, oxidative

stress) by stress-related kinases at three conserved serines in the NTR (Fig. 3.1a and c) (Larsen et
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al. 1997). Biochemical investigations have demonstrated that phosphorylated HSPB1 and HSPBI1

carrying phosphomimetic mutations form oligomers that are much smaller than the distribution
formed by unmodified HSPB1 and tend to have increased holdase activity (Shashidharamurthy et
al. 2005; Hayes et al. 2009; Jovcevski et al. 2015). Several inherited mutations in HSPB1 are
reported to be associated with the severe neurological disorders Charcot-Marie-Tooth disease and
distal hereditary motor neuropathy. Most disease-associated mutations appear to be autosomal
dominant and are harbored in all three regions of the protein, with overrepresentation in the NTR
and in residues near the dimer interface of the ACD (Datskevich et al. 2012; Nefedova et al. 2015).
There is a striking paucity of structural information on HSPB1 beyond the ACD, for which there
are now several atomic-level structures solved (Hochberg et al. 2014; Rajagopal et al. 2015a;
Collier et al. 2019). Little is known about the structural mechanism for dissociation into smaller
oligomers upon phosphorylation or the structural effects of disease-associated mutations.

Here, we present structural analysis of the NTR of HspB1, using a hybrid approach of
NMR spectroscopy and structural modeling, which builds on prior work using NMR and
hydrogen-deuterium exchange mass spectrometry (HDXMS) (Clouser 2018). Our work sheds
light on the structural consequences of stress-induced phosphorylation and disease-associated
mutations in HSPB1. We defined sub-regions of the NTR based in part on their HDXMS
behaviors, as illustrated in Figure 3.1 C. NMR experiments using peptides containing the NTR
sub-regions and spin labels placed in each region revealed that, although the NTR is predominantly
disordered, there are nevertheless specific interactions between the NTR and ACD in the context
of full-length HSPB1. Structural modeling demonstrates that it is possible to build physically
realistic models of the NTR and ACD of HSPB1 with multiple different types of interactions.

Altogether, our results show that even in a monodisperse dimeric form of HSPBI1, there is
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substantial conformational heterogeneity, with multiple, specific contacts between regions of the
NTR and the ACD. These contacts are altered in phosphorylated and disease-associated mutated
states, shedding light on the mechanisms by which perturbations such as phosphorylation and

mutation can influence sHSP structure and function.

3.2 RESULTS

3.2.1 The NTR makes extensive contact with the ACD

The dimeric HSPB1 construct presented in Chapter 2 is amenable to study by solution
NMR, enabling the first residue-level analysis of HSPB1. HSPBlgimer is generated by three
phosphorylation-mimicking substitutions in the NTR (S15D, S78D, and S82D) and substitution of
the CTR IXI motif to “GXG” (179-ITIPV-183 to GTGPG) (Figure 3.1 A). A construct in which
the CTR is truncated to the same position as the end of our ACD-only construct (residue 176) is
also dimeric in the phosphomimic context (termed “NTR-ACD”). The NMR spectrum of an
HSPBI1 construct that lacks both its NTR and CTR (“B1-ACD”) and forms a well-structured dimer
has been assigned (Rajagopal et al. 2015a). The simplest model for HSPB1gimer would be a
structured ACD dimer with flexible, disordered NTRs and CTRs that behave independently of the
other domains. Such a species would give rise to an NMR spectrum that would resemble that of
the isolated ACD plus resonances that correspond to “random coil” positions. However, few peaks
overlap perfectly in overlays of ("’N, "H)-HSQC spectra of B1-ACD and either HSPB1dimer or
NTR-ACD (Fig. 3.2 A) (Clouser 2018), Therefore, the model in which the ACD behaves
independently of its flanking domains is inaccurate, demanding investigation of interactions
between domains. The NMR spectrum of NTR-ACD overlays well with that of full-length

HSPB14gimer (Clouser 2018). The high spectral similarity confirms that the CTR lacking its IXI
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motif does not interact detectably with the rest of the protein in the otherwise phosphomimetic
context and the differences between the HSPB 14imer and B1-ACD spectra are due to the presence
of the NTR.

The largest perturbations in ACD peaks are for residues in the 33, 4, and 8 strands and
loop (L3/4), which exhibit large CSPs relative to their position in the ACD-only spectrum (Fig.
3.2 B). These structural elements compose two grooves on the ACD dimer: the 4-B8 groove on
the outer edges and the B3/B3 or “dimer interface” groove at the center (Fig. 3.1 B). The large
perturbations in these regions indicate that they are probable sites for interaction between the NTR
and the ACD.

To investigate sources of the perturbations in ACD peaks in the NTR-ACD context, we
examined NMR spectra of a mixture of '’'N-B1-ACD and excess unlabeled NTR-ACD. Under
reducing conditions (to inhibit disulfide bond formation at the dimer interface), mixed dimers
composed of one ’'N-B1-ACD subunit and one NTR-ACD subunit can form. This allowed us to
observe perturbations in an ACD due to the NTR of its dimeric binding partner. New peaks are
observed in the spectrum of the mixture that align with peaks in the NTR-ACD spectrum (Fig. 3.2
A). Peaks that exhibit this doubling behavior in the spectrum of mixed dimers nearly all correspond
to residues in the 34/B8 groove and its flanking loops- predominantly the same residues whose
peaks exhibit the largest CSPs compared to their position in the ACD-only spectrum (Figure 3.2
B, C). The congruence of certain peaks in the mixed-dimer spectrum with those in the NTR-ACD
spectrum provides unambiguous evidence that their resonance positions arise from an interaction
involving the NTR of the other subunit within a dimer. The identity of these peaks reveals that a
site of interaction is the 4/B8 groove and its flanking loops. Additionally, many other peaks in

the mixed-dimer spectrum lose intensity, shift, and/or change shape as compared to the B1-ACD
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spectrum. Peaks that undergo such changes correspond to residues near the dimer interface, in the
3 strand and preceding residues, and at the end of the B9 strand and start of the CTR (Fig 3.2 C).
Overall, the extent of perturbations observed in this mixing experiment reveals wide scale NTR-
ACD contact, particularly at the dimer interface and [4-B8 grooves, and establishes that

NTR/ACD interactions can occur between subunits within a dimer.

3.2.2  Distinct regions of the NTR bind different ACD interfaces.

To identify specific NTR regions that interact with the ACD, we subdivided the NTR
sequence into six regions, referred to here as the distal region, aromatic region, conserved motif,
tryptophan-rich region, insertion, and boundary region (Fig. 3.1 C). We tested the ability of
peptides from each region to bind to BI-ACD by NMR. Peptides from the distal, aromatic,
conserved motif, and boundary regions all caused distinct changes (either chemical shift
perturbations, loss of peak intensity, or both) in the "N-HSQC of the ACD, implying specific
interactions of these regions with the ACD. No perturbations were observed for the Trp-rich
peptide, providing confidence that the effects observed for other peptides are specific.

We also performed paramagnetic relaxation enhancement (PRE) experiments to detect
interactions between the NTR and the ACD within the context of the NTR-ACD construct. PRE
from a spin label broadens resonances of residues proximal to the label. The sole native cysteine
at position 137 was substituted with serine and multiple constructs were created in which a single
cysteine residue was introduced at sites within the NTR to which the spin label MTSL was
conjugated. Spin label positions were selected to probe each NTR region, as shown in Figure 3.1
C. Before performing NMR experiments, each Cys mutant was assessed for alterations in

secondary structure (by CD) and oligomeric properties (by SEC). Only variants that retain
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HSPB 1 dimer-like properties were investigated further. >N and spin label were incorporated into
these species and HSQC spectra of labeled dimers were collected with the active spin label and
with the MSTL quenched by ascorbate. Quenched spectra were compared to the NTR-ACD
spectrum to confirm that MTSL conjugation did not significantly perturb the constructs. PREs
were quantified as ratios of peak intensity in the two spectra. A range of behaviors were observed,
depending on the spin label position: 1) strong, discrete effects, 2) smaller but still localized effects,
or 3) widespread general effects. The results from the PRE experiments agree well with the
peptide-binding studies, confirming that the interactions observed in the peptide-binding studies
are recapitulated in the full-length protein (as summarized in Figure 3.3). Results from individual
peptides and spin-labels are described below and are provided in Figures 3.4 and 3.5.

Addition of the distal peptide (residues 1-13) to '’'N-B1-ACD caused distinct chemical shift
perturbations (CSPs) in the '"’N-HSQC spectrum that map to the B4-B8 groove (Fig. 3.4 A, C).
Importantly, the perturbed peaks fall on a trajectory between their positions in the spectra of B1-
ACD and NTR-ACD (Fig. 3.4 A). This is strong evidence that the large perturbations observed for
these peaks in the NTR-ACD spectrum (relative to B1-ACD) are due to binding of the NTR distal
region to the B4-B8 groove. The peptide binding is not saturated in the NMR experiments, thereby
producing smaller CSPs relative to the NTR-ACD spectrum. The results also add clarity to the
SN-B1-ACD/NTR-ACD mixing experiment described above (Fig. 3.2). The peaks that appear in
positions that correspond to those observed in the NTR-ACD spectrum are due to distal region
binding to the 4-B8 groove of the other subunit of the dimer in a “domain swap” relationship. We
cannot rule out the possibility of a similar intra-chain interaction, but if it occurs it must be

essentially identical to the inter-chain one observed in the mixed dimer.
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The spectrum of NTR-ACD with MTSL at position 2 has strong peak intensity loss in two

distinct sequence regions that correspond to loops L7/8 and L4/5, both of which lie near one
entrance to the f4-8 groove (Fig. 3.3, 3.5 A). Other peaks in the spectrum are largely unaffected
by the spin label. This remarkably discrete PRE effect from a spin label at the extreme N-terminus
of HSPB1 indicates that when the region is near the ACD, it inhabits a highly localized position.
Furthermore, the PREs are consistent with only one of the two possible orientations of distal region
binding in the groove, namely aligned parallel to the B8 strand and antiparallel to 34 strand. This
is the opposite orientation from that observed for the CTR IxI/ f4-B8 groove binding observed in
a crystal structure of HSPB1-ACD (Hochberg et al. 2014, PDB 4MJH). Distal region binding to
the B4-B8 groove has been observed in crystals of HSPB6 and an HSPB2/3 complex, but those
sHSPs contain canonical I/V-X-1/V motifs in their NTR (Sluchanko et al. 2017; Clark et al. 2018).
HSPB1 does not contain such a motif in its distal region; we propose instead that alternating
hydrophobic residues in the HSPB1 segment *VPFSLL!' bind, supporting the idea that other
hydrophobic amino acids can participate in 4-B8 binding. Our results thus identify a novel
interaction and indicate that motifs from both the NTR and CTR of HSPB1 can bind in the 4-B8
groove but are oriented in opposite directions within the groove.

Peptide binding and PRE results indicate that the conserved motif binds at the ACD dimer
interface groove, composed of strands 33 and 36/7 from each subunit, and that the aromatic region
spans between the 4-B8 groove and the dimer interface, connecting the distal region to the
conserved motif (Fig. 3.3). The aromatic peptide (residues 12-27) caused distinct chemical shift
perturbations in peaks corresponding to one side of the ACD, primarily loops L3/4 and L5/6, as
well as some residues in 6+7 (Fig. 3.4 B, D). This is consistent with the orientation inferred for

the distal region (Fig. 3.5 A), and shows that as the NTR exits the 4-B8 groove, it contacts the



68
side of the ACD via loops L3/4 and L5/6. The aromatic region contains one of the three HSPB1

phosphorylation sites (Serl5), so we also tested binding by a version of the aromatic peptide
containing phospho-serine at site 15. For the most part, the CSPs are absent or markedly reduced
(Fig. 3.4 B, 3.6 A), indicating that phosphorylation of Serl5 may serve to release the aromatic
region from the ACD. We note that both L3/4 and L5/6 are enriched in negatively-charged amino
acids (D'"VNHFAPDE and H'?*EERQDEHG, respectively), suggesting an electrostatic
mechanism by which phosphorylation at Ser15 regulates HspB1 structure and activity.
Conserved motif binding at the ACD dimer interface is indicated by intensity loss in peaks
corresponding to residues in 3, B6+7, and loop L3/4 upon addition of the conserved peptide
(residues 25-37) to "N-BI-ACD (Fig. 3.4 E). A spin label at the end of the aromatic
region/beginning of the conserved motif (position 26) causes subtle peak intensity loss localized
to loops L3/4 and L8/9 leading out of the interface groove, as would be expected if the conserved
motif is bound in the groove and the aromatic region runs along one side of the ACD between the
[4-B8 groove and the dimer interface groove (Fig. 3.5 B). Conserved motif binding at the dimer
interface groove has been observed in HSPB6 and in HSPB2/3 hetero-tetramer crystal structures
(Sluchanko et al. 2017; Clark et al. 2018). Given the high conservation of this motif and of residues
that compose the dimer interface, it is unsurprising that a similar relationship exists in HSPBI1.
Although the Trp-rich peptide (residues 37-53) showed no detectable interactions with B1-
ACD (Fig. 3.4 F), we were able to obtain some insights regarding its behavior. While attempting
to introduce spin labels, we found the Trp-rich region to be highly sensitive to mutagenesis and
were unable to probe its interactions with the NTR through PRE experiments. Cys substitutions of
S43 and V55 within the NTR-ACD construct yielded species larger than dimers and not amenable

to NMR. An S50C NTR-ACD construct was dimeric but conjugation of MTSL at this position
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produced larger species. While the altered oligomeric propensity rendered these mutants
unsuitable for PRE experiments, the ability of changes in this region to override the dimer-
promoting mutations implicates it in regulating HSPB1 oligomerization.

The insertion region was probed by a spin label at position 65, near the center of the region.
Intermediate intensity loss was observed in most ACD peaks, with some stronger effects in 9.
The widespread but modest PREs suggest that the insert region does not make sustained contact
with any specific region of the ACD but rather “hovers” over all faces of the ACD (Fig. 3.5 C).
The region was omitted from peptide binding experiments due to its hydrophobicity and
insolubility in aqueous buffer.

Finally, the boundary region appears to interact at the dimer interface groove, as evidenced
both by peptide binding and PRE results (Fig 3.4 G; 3.5 D, E). Addition of the boundary region
peptide (residues 74-91) to ''N-ACD caused intensity loss and CSPs in peaks corresponding to
residues near the dimer interface (Fig. 3.4 G). We were able to incorporate spin labels at two
boundary region positions: residues 83 and 91 flank the predicted B2 strand (residues 86-88 in
PDB 4MJH). The spin label at position 91 (S91-SL) caused distinct intensity loss in peaks from
loops L5/6 and L7/8 and from residues at the beginning of B3 and end of B9 (Fig. 3.5 E). The
highly localized PREs on one side of the ACD are congruent with residues 91°s position four
residues from the beginning of the B3 strand. In contrast, the spin label at position 83 caused wide-
spread intensity loss in peaks corresponding to the dimer interface and the opposite side of the
ACD (Fig 3.5 D). In this case, the ACD residues that are not affected by the spin-label are more
informative: the data clearly show that position 83 does not approach loops L4/5, L7/8, and
L9/CTR, all of which are localized to one side of the ACD dimer (the side affected by S91-SL).

Together these observations provide strong evidence that the boundary region spans the dimer
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interface groove in an antiparallel direction to strand 3, consistent with formation of a B2 strand.
Whether this interaction is mutually exclusive with binding of the conserved motif to the dimer
interface or can occur simultaneously cannot be deciphered from these experiments.

A boundary-region peptide that contains phospho-serine residues at positions 78 and 82
caused nearly identical perturbations to the non-phosphorylated peptide (Fig. 3.6 B), indicating
that phosphorylation neither directly disrupts nor enhances the interaction between the boundary
region and the dimer interface groove. However, the PRE results from S83-SL indicate that this
region approaches residues that are perturbed by the aromatic peptide (Fig. 3.4 D), suggesting that
the boundary region phosphorylation sites may be close in space to the S15 phosphorylation site,
despite being over 60 residues apart in sequence.

To leverage new insights regarding local structure in the NTR and interactions with the
ACD, we sought to assess how reported disease-associated mutations in the HSPB1 NTR affect
NTR-ACD interactions. We chose two NTR disease mutants whose effects on oligomer size
(larger than WT) and chaperone function have been previously characterized: G34R and P39L
mutants in the conserved and Trp-rich regions, respectively (Muranova et al. 2015). To identify
localized effects of the mutations, we performed ACD-peptide binding experiments with mutant
peptides. Glycine at position 34 is conserved among orthologs and paralogs; its mutation to Arg is
expected to reduce flexibility of the backbone and/or alter the region’s interactions. At the start of
the Trp-rich region, Pro39 is conserved among orthologs but not among paralogs. As presented
above, the conserved region peptide (residues 25-37) causes peak broadening in dimer interface
groove residues (i.e., B3 and B6/7) in the HSPB1 '>N-B1-ACD spectrum. An otherwise identical
peptide that contains the G34R substitution yields greatly reduced perturbations (Fig. 3.6 C),

indicating that the large, charged Arg sidechain disrupts the ability of the conserved region to
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interact with the dimer interface groove. As mentioned above, we did not detect evidence of
binding for the Trp-rich region peptide to ''N-ACD. We obtained similar results for a peptide that
contains the P39L substitution, indicating that the mutation does not lead to a gain of binding
function (Fig. 3.6 D). Altogether, the results highlight a variety of alterations that occur in the
HSPB1 NTR under situations such as phosphorylation or disease mutation. While some alterations
(Serl5 phosphorylation, G34R mutation) directly impact local NTR-ACD contacts, others likely
have more indirect effects (Ser78 and Ser82 phosphorylation, P39L mutation), potentially through
interactions with other regions of the NTR that lead to global changes in HSPB1 structure and

oligomerization.

323 Conformational heterogeneity is observed throughout the NTR

In addition to assignments of HSQC peaks corresponding to ACD residues, Amanda
Clouser was able to assign a number of peaks to residues in the Trp-rich, insertion, and boundary
regions of the NTR (Clouser 2018). Assignments of NTR peaks provided information regarding
proximities of NTR regions to each other from PRE experimentss (Fig. 3.5 F). The spin label at
insert region residue 65 yields strong PREs across the assigned NTR peaks, validating their
assignments to this region of sequence. The position 2 spin label does not yield PREs in assigned
NTR residues or in weak unassigned peaks, indicating that the distal region’s locations do not
overlap with those of the Trp-rich or insert regions. A position 26 spin label at the beginning of
the conserved region gives modest-to-strong PREs to the Trp-rich and boundary regions but weak
PREs to the insert region. The position 83 spin label gave strong PREs to the boundary and insert
regions, and the position 91 spin label gave moderate PREs to the same regions. Together, this
provides evidence for extensive interactions between the regions of the NTR. In particular, the

conserved and Trp-rich regions seem to be in close contact with each other, as are the insertion
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and boundary regions. Only the distal region does not appear to make extensive contact with other
parts of the NTR. The data support a model in which the NTR exists in a compact state with
extensive NTR/ACD and NTR/NTR contacts as well as some residual structure, rather than a more

flexible, extended conformation seen for many IDRs.

3.2.4 Modeling inter-region interactions in HSPB1jimer

The results presented above indicate that the HSPB1 NTR contains distinct regions that
reside in specific locations relative to the well-defined ACD dimer and that, in many cases make
direct contact with the ACD. We sought to combine the information garnered from the peptide-
binding, PRE, and HDX experiments into a set of structural models. Our goals for this modeling
process were two-fold. First, the models aid in visualization of the NTR-ACD interactions
described above. Second, the modeling process allows us to determine which combinations of
NTR-ACD interactions are able to generate physically realistic structural models, and thus whether
any combination of NTR-ACD interactions may not be physically possible. These structures are
intended neither as a complete sampling of HSPB1 conformational space nor as atomic-level
models of specific interactions.

We produced a homology model by combining the crystal structure of the HSPB1 ACD
(4MJH) with peptides from the crystal structure of the HSPB2/3 hetero-tetramer in Pymol. The
starting model included all of the possible NTR-ACD interactions identified above: two copies of
the B2 strand, a distal motif bound in each 34/B8 groove, and a copy of the conserved motif bound
in the dimer interface groove. Clashes between the HSPB1 ACD structure and the peptides from
the HSPB2/3 crystal structure were eliminated, and missing loops were modeled in using
PyRosetta. In total, there are four possible ways to connect the fragments in the homology model:

either copy of the distal motif in the f4-B8 grooves could be connected to the conserved motif at
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the dimer interface, and the conserved motif could be connected to either copy of the B2 strand
(Fig. 3.7 A). In total, we created four ensembles of 100 structural models, which each sampled a
different way of connecting the NTR peptide fragments in our initial homology model (Fig. 3.7 B-
E). We found that it was possible to develop realistic structural models containing all types of
NTR-ACD interactions identified above, as well as all possible loop connectivities. The dimer
interface groove is able to accommodate two copies of the 2 strand in addition to the conserved
motif, and both 4/B8 grooves are able to bind a copy of the distal motif. These peptide fragments
can be connected to each other in all four conceivable ways.

If the conserved motif is connected to the distal motif oriented in the opposite direction,
the aromatic region forms a loop along the side of the ACD containing loops 3/4, 5/6, and 8/9 to
connect these regions (Fig. 3.7 B, C). Given our peptide-binding NMR results for the aromatic
region, we believe that this configuration is favored, particularly in the non-phosphorylated state.
Nevertheless, it is also physically possible for the aromatic region to connect the conserved motif
to the distal region in the opposite groove, in which case it spans across the top of the ACD -
sandwich, contacting the 8, B9, and B3 strands (Fig. 3.7 D, E). While we do not observe
experimental evidence for this interaction, we cannot rule it out, particularly in the phosphorylated
state in which the aromatic region has low affinity for the ACD. In either case, the conserved motif
can then be connected to either one of the B2 strands, while the distal motif not connected to the
bound conserved motif can be connected to the other. These connections consist of ~50-75 residues
and contain part of the boundary region, the insertion region, the Trp-rich region, and (for the chain
with an unbound conserved motif) the conserved and aromatic regions. Given their length, they
can adopt multiple conformations and orientations relative to the ACD. We have omitted these

regions from the models shown in Fig. 3.7 for clarity and avoid over-interpretation of the structural
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aspects of regions for which we have limited experimental data. Surface representations of these
models show that the locations of the NTR sub-regions are in good agreement with the ACD
surfaces perturbed in the peptide binding and PRE NMR experiments (comparing Fig. 3.3 with
Fig. 3.7 G).

Overall, the results from the modeling suggest that any combination of the NTR-ACD
interactions defined in our study is theoretically possible. While we only created models containing
the maximum NTR-ACD interactions supported by our experimental data, any of the interacting
motifs we have modeled could dissociate from the ACD and adopt a more disordered
conformation. The results from our NMR and HDX experiments indicate that most of these NTR
regions occupy both ACD-bound and -unbound conformations, so it is likely that multiple
combinations of NTR/ACD interactions occur in solution. The peptide fragments depicted in our
dimeric models could conceivably be connected to other ACD dimers or monomers within an
oligomer (Fig. 3.7 F). The array of possible interactions within sHSP oligomers is depicted in Fig.
3.7 H. Many regions can form intra-chain, intra-dimer, and inter-dimer interactions. The possibility
for multiple combinations of interactions and connectivities contributes to the high degree of

plasticity and heterogeneity observed for HSPB1 in NMR and HDX experiments.

3.3  DISCUSSION

Despite being among the most ubiquitously expressed of the human small heat shock
proteins, there is a paucity of structural information regarding HSPB1. The central ACDs of two
subunits of HSPB1 adopt a dimeric -sandwich structure ((Rajagopal et al. 2015a; Hochberg et al.
2014; Collier et al. 2019)). However, there has been a complete lack of structural information for

the remaining ~50% of HSPB1, most of which is represented by the enigmatic NTR. To overcome
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the challenges posed by high heterogeneity and polydispersity of large HSPBI1 oligomers, we

sought to obtain new structural information from a more tractable dimeric form of HSPB1 that
retains its chaperone activity. Although this species, HSPB14imer, s monodisperse in solution, it
exhibits substantial heterogeneity as judged by both NMR and HDXMS (Clouser 2018).

Our effort to generate a well-behaved dimer of HSPB1 and characterize its NTR both when
tethered to its ACD and when presented as short peptides derived from NTR sub-regions was
surprisingly revealing. Peptides representing sub-regions of the NTR display specific interactions
with the ACD of HSPBI1. Furthermore, PRE experiments revealed that the interactions have
preferred orientations. In addition to the previously observed interaction of the IXI motif from the
CTR with the B4/B8 groove, our results establish four distinct NTR/ACD interactions: 1) distal
region with B4/B8 groove, 2) aromatic region with L3/4 and L5/6, 3) conserved region with dimer
interface groove, and 4) boundary region with dimer interface groove (Fig. 7H). Altogether, this
set of interactions creates a large combinatorial array of possible states within a dimer, and even
more states within an oligomer. For example, each HSPB1 dimer contains two [34/38 grooves and
four interacting regions (two copies each of the distal region and the CTR IXI motif). Our data and
modeling indicate that a given groove may be empty, bound by an inter-chain distal region, bound
by an intra-chain distal region, or bound by a CTR IXI motif (usually from another dimer within
an oligomer). A dimer may have zero, one, or two of its grooves filled, presumably with any
combination of binders. The HDX results on HSPB1 oligomers indicate that a large proportion (at
least half) of the distal regions and the CTRs are bound, meaning the [4/B8 grooves must be
predominantly occupied (Clouser 2018). Each HSPB1 dimer has a single dimer interface groove,
but its potential interactions with two NTR regions creates a similarly complicated situation: a

given dimer interface groove may be empty, bound by a single boundary region, a single conserved
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region, two boundary regions, one boundary plus one conserved, or two boundary regions plus a
conserved region. Again, in the context of an oligomer, the combinatorial possibilities will be
increased if the interactions can occur from neighboring dimer units.

While the NTR of sHSPs has long been known to be intrinsically disordered, it is clear
from this work and recent crystal structures that further definition is required to characterize sHSPs
NTRs. The only segment of the NTR that exhibits solvent-accessible, random coil-like structure
is the insertion sub-region. In recent years, it has come to be appreciated that the term intrinsic
disorder can encompass a broad variety of behaviors beyond random coil. Disordered proteins or
regions that adopt compact conformations and transiently sample secondary structure have been
described as molten globule-like, and disordered regions that interact with binding partners in a
dynamic manner have been described as fuzzy (van der Lee et al. 2014; Dyson and Wright 2005).
By definition, fuzzy protein-protein interactions cannot be described by a single conformational
state (Tompa and Fuxreiter 2008). However, given the high degree of orientational specificity of
many NTR-ACD interactions, these interactions cannot be described as fuzzy in the canonical
sense, nor as molten globule-like. The only region of the NTR which could be said to interact with
the ACD in a fuzzy manner is the insertion region, as a spin label placed in this position causes
non-specific PREs in many regions of the ACD, inconsistent with a single conformational state or
orientation.

Notably, ordered interactions occur for several NTR sub-regions with the ACD with
varying levels of affinity, and some interactions are likely interdependent. The high degree of
heterogeneity in HSPB1 dimers and oligomers is generated not by multiple random or fuzzy states

but rather by the large number of possible combinations of several specific and orientationally-
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defined states. For this reason, we propose the term “quasi-ordered” to describe the NTR of
HSPBI1, as it makes highly-specific long-lived contacts yet remains dynamic and heterogeneous.

The structural information gleaned from the approaches presented here on HSPB1 add
substantially to the small but growing structural insights on human sHSPs. Knob-into-hole binding
of CTR IXI motifs and B4/B8 grooves has been well established in numerous sHSPs. This type of
interaction has recently been shown for NTR IXI motifs as well (Sluchanko et al. 2017; Clark et
al. 2018). Recognition of non-canonical hydrophobic motifs by the 34/88 groove has been shown
previously for the client proteins amyloid-f and a-synuclein and in crystal structures of artificially-
truncated sHSP constructs (Mainz et al. 2015; Liu et al. 2018; Weeks et al. 2014; Collier et al.
2019), but never within a full-length sHSP. Our results show that a motif of alternating
hydrophobic residues in the HSPB1 distal region competes effectively with a canonical IxI motif
in the protein’s CTR, expanding the repertoire of potential binding partners.

The eight-residue conserved motif is the only stretch of identifiable sequence conservation
in the NTR of human sHSPs. Recently, conserved motifs bound at the dimer interface groove have
been observed in the HspB6 and HspB2/3 structures. In the HspB6 structure, the conserved
sequence occupies the groove and no 2 strand is present (Sluchanko et al. 2017). In the
HspB2/HspB3 structure, the conserved motif of HspB2 and one copy of a 32 strand from the same
protomer occupy the groove (Clark et al. 2018). Our modeling shows that it is physically possible
for two copies of 32 strand and a conserved motif to be bound simultaneously, at least for HSPBI1.

An interaction analogous to the one defined for the aromatic sub-region of HSPB1 has not
been previously reported. Our results indicate that the interaction is favored in the absence of Ser15
phosphorylation, which disrupts the interaction. Only two other human sHSPs are enriched in

aromatic residues in this region, namely HspB4 and HSPBS5. HSPB1, HSPB4, and HSPBS are also
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the only human sHSPs known to form large oligomers, leading us to speculate that the aromatic
region/ACD interaction may be a driver of oligomer formation. Notably, HSPB1 and HSPBS are
both phosphorylated in response to stress conditions on serine residues within their aromatic
regions. Our results show clearly that serine phosphorylation disrupts the interaction in HSPBI,
hinting at a shared structural mechanism by which stress-induced phosphorylation disrupts HSPB1
and HSPBS oligomers, allowing them to form smaller, more dispersed species (Peschek et al.
2013; Jovcevski et al. 2015).

Intriguingly, PRE results place residue 83 in the same region we observe aromatic peptide
binding, indicating that the other two phosphorylation sites of HSPB1 (Ser78 and Ser82) are in
proximity to the phosphorylation site in the aromatic region. A recent crystal structure of an
HSPBI1 construct containing part of the boundary region and the ACD in complex with a peptide
containing residues 76-88 phosphorylated at position 82 contained density in this same region.
While this density could be attributed to the peptide, it was unclear which residues specifically
were involved (Collier et al. 2019). Our results confirm that the two phosphorylation sites in this
peptide could reside near this location. Thus, all three sites of stress-induced modification are near
each other and close to a conserved ACD surface that is highly enriched in negatively-charged
amino acids (i.e., L3/4 and L5/6), providing an environment that can easily be disrupted by
additional negative charge. It has been demonstrated that singly- and doubly-phosphorylated
HSPBI1 species adopt intermediate-sized oligomers, consistent with the arrangement acting as a
rheostat that tunes the distribution of oligomeric states in response to cellular stress. While there
is clear interplay among the three phosphorylation sites, additional work is necessary to determine
the nature of the interactions between the sites in the boundary region and the aromatic region. In

particular, the role of boundary region phosphorylation is unclear, as we did not see any difference
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in binding by the phosphorylated and non-phosphorylated forms of this peptide. Recent NMR

work showed that an elongated ACD construct containing the boundary region with
phosphomimetic mutations at regions 78 and 82 formed a transient 32 strand in solution (Collier
et al. 2019). However, without a direct comparison to a construct of the same length but without
phosphomimetic mutations, the role of phosphorylation in this interaction remains unclear.

In sum, an approach using solution-state NMR, HDXMS, and modeling has succeeded in
defining the heretofore intractable NTR of HSPB1. Rather than behaving as a completely
intrinsically disordered region, we find it to be quasi-ordered, with six sub-regions that display
distinct properties and preferences. The results reveal that, contrary to expectation, the high degree
of heterogeneity and polydispersity that is a defining feature of HSPB1 (and other human sHSPs)
derives not from fuzzy disorder but rather from an array of combinatorial interactions involving
discrete sub-regions. We expect other oligomeric sHSPs are similarly defined and that they can be
parsed out using approaches similar to those described here. Finally, it is reasonable to think that
there are other examples of quasi-order, with multiple interacting regions in a polypeptide chain,

that can likewise be defined at a structural level by these experimental approaches.

3.4 EXPERIMENTAL PROCEDURES

34.1 Protein expression and purification

Human HSPBI1 (accession # P04792) had previously been cloned into pET23a and
pET151d vectors (ampicillin resistant). The ACD-only construct had previously been optimized
to truncation of the full-length sequence from GIn80 to Ser176. Site-directed mutagenesis using

the QuikChange protocol was used to introduce substitution mutations throughout the sequence.
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Several protocols for protein expression were used to obtain different isotopically labeled
samples. In almost all cases (unless otherwise specified) for full-length HSPB1, BL21(DE3) E.
coli cells were used and a final concentration of 1.0 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) was added to induce protein expression. For the truncated ACD-only construct, 0.5 mM
IPTG was used.

For natural abundance (or non-isotopically labeled) protein, cells were grown in 0.5 L of
lysogeny broth (LB) with 100 pg/mL ampicillin. Cells were grown at 37°C in a shaking incubator
until ODeoo ~0.6. IPTG was then added to a final concentration of 1.0 mM and the temperature
reduced to 22°C. Protein was expressed in a shaking incubator for ~22 hours. Cells were harvested
by centrifugation and resuspension in lysis buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM
ethylenediaminetetraacetic acid [EDTA]).

For '’N-labeled (no deuteration) protein, MOPS minimal media was used. Per 1 L culture,
1 g of 'NH4Cl was used for isotopic labeling. 4 g/L of glucose was used. Growth and expression
steps were identical to those used for natural abundance protein.

For 2H'N'3C-labeled (partial deuteration, ~75%) protein, cells were grown in stages to
acclimate the cells to deuterated minimal media. For all '3C-labeling, 3 g/L of '3C-glucose was
used. One colony was grown in 3 mL of LB for ~5 hours and then centrifuged to pellet the cells.
These cells were resuspended and grown in 50 mL of H>O-based M9 minimal media to an ODsoo
~0.6. Cells were again pelleted, resuspended, and grown in 100 mL of D>O-based M9 minimal
media to an ODgoo ~0.6. Cells were then transferred directly to a larger 5S00mL (total) D,O-based
M9 minimal media and grown to an ODgoo ~0.6. After induction and reduction of temperature,

protein was expressed for ~48 hours.
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For ZH'N'3C-labeled (perdeuteration) protein, cells were grown in additional stages to
acclimate the cells to deuterated minimal media. 3 g/L of 2H'3C-glucose was used. Stocks for
deuterated M9 minimal media were also prepared in D>O. One colony was grown in 3 mL of LB
for ~5 hours and then centrifuged to pellet the cells. These cells were resuspended and grown in
50 mL of H,O-based M9 minimal media to an ODgoo ~0.6. Cells were again pelleted, resuspended,
and grown in 100mL of D>O-based M9 minimal (no deuteration) media for 1-2 hours. Cells were
again pelleted, resuspended, and grown in 200mL of D;O-based and 2H-glucose-based M9
minimal media to an ODgoo ~0.6. Cells were then transferred directly to a larger 1 L (total) D,O-
based and 2H-glucose-based M9 minimal media. Cells were grown to an ODgoo ~0.6 and induced.
After induction and reduction of temperature, protein was expressed for ~48 hours.

Cells containing full-length HSPB1 were lysed by freeze-thaw and incubation with
lysozyme and protease inhibitors in lysis buffer on ice for 20 minutes. Generally 0.5 L cultures of
cells were lysed in one tube to maximize yield and purity. Deoxycholate was added to the lysed
cells and placed on a shaking incubator at 37°C for 15 minutes. DNase, RNase, and magnesium
chloride were then added and shaking incubation continued for 15 minutes. Cell lysate was
centrifuged at high speed at 4°C. Ammonium sulfate was added to the supernatant to 40%
saturation on a slow shaker at room temperature and allowed to equilibrate for 30 minutes.
Ammonium sulfate precipitate was centrifuged at high speed at 20°C and the supernatant
discarded. Pellets were used immediately or stored at -80°C for up to 1 week.

Ammonium sulfate pellets were resuspended in anion exchange buffer (AEX- 20 mM Tris,
10 mM MgCl,, 30 mM NH4Cl, pH 7.6) at room temperature. Remaining solids were pelleted
briefly at 20°C. Protein was desalted using a G25 column in AEX buffer at room temperature.

Precipitated material was pelleted briefly at 20°C. Desalted protein was separated by an anion
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exchange DEAE column with a step gradient of AEX buffer with increasing sodium chloride at
room temperature. Protein fractions were analyzed for purity by SDS-PAGE, pooled, and
concentrated for SEC. Protein was separated on Superdex 200 or 75 columns in 50 mM NaPi, 100
mM NaCl, 0.5 mM EDTA, pH 7.5 buffer. Oligomeric proteins (WT, disease mutants) were
separated on a Superdex 200 column, while smaller constructs (HSPB1dimer, NTR-ACD) were
separated on a Superdex 75 column. SEC separated fractions were analyzed for purity by SDS-
PAGE, pooled, and concentrated to the desired concentration. Concentration was determined by
280 nm absorbance (extinction coefficient of 40,450 M-'cm™).

For cysteine-free proteins or proteins containing only the native cysteine at position 137,
no reducing agent was added during purification. With the native cysteine present, the resulting
protein was generally >95% oxidized at the dimer interface as seen by dimer formation by non-
reducing SDS-PAGE. For proteins containing non-native cysteines (for fluorophore or spin
labeling), the reducing agent dithiothreitol (DTT) was included at each stage of purification to

avoid disulfide formation.

342 Nuclear magnetic resonance spectroscopy

All NMR experiments were carried out on either 600 or 800 MHz Bruker spectrometers
equipped with cryoprobes. All samples were prepared in 25 mM sodium phosphate, 100 mM NaCl,
0.5 mM EDTA, pH 7.4 buffer. Spectra were collected at 30°C. Data were processed using
NMRPipe. NMRView] was used to measure intensities and positions of peaks. The following

equation was used to calculate chemical shift perturbations (CSPs) between peaks in two spectra:

CSP = (8% + (6n/5)?
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Spin-label constructs were made with a NTR-ACD/C137S background and cysteines

introduced at positions throughout the NTR, one at a time. Samples were prepared in 25 mM
sodium phosphate, 100 mM NaCl, 0.5 mM EDTA, pH 7.4 buffer and 5 mM DTT to fully reduce
all cysteines. Reducing agent was then removed from protein samples using a desalting column.
Immediately after removing reducing agent, 5-fold molar excess (l-oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl)-methanethiosulfonate (MTSL) spin label (in DMSO) was added
to protein samples and allowed to incubate overnight at 4°C or at room temperature for 2 hours.
Excess MTSL was then removed from the labeled protein using a desalting column followed by
dialysis. The resulting NMR samples contained 300-400 pM protein. 2D 'H-'>N HSQC-TROSY
spectra were collected for each spin-labeled mutant protein. The unpaired spin label was then
quenched in each sample by addition of ascorbate (5 mM final concentration). Identical spectra
were collected for each quenched sample for intensity comparison between quenched and
unquenched spectra.

The distal, aromatic, conserved, and boundary region peptides were purchased from
Genscript. The N-terminal residue of all but the distal peptide was formylated, and the C-terminal
residue of all peptides was amidated. The Trp-rich peptides were purchased from (LifeTein) and
were acetylated on the N-terminus and amidated on the C-terminus. The distal, conserved, and
boundary peptides were dissolved in NMR buffer prior to use. The aromatic and Trp-rich peptides
were dissolved in DMSO to a concentration of 100 or 50 mM, then diluted in buffer to a
concentration of 1 mM. All peptides were stored at -80°C. A spectrum of "N B1-ACD in the
presence of 1% DMSO was collected and used as a reference for the aromatic and Trp-rich peptide

experiments, although it was highly similar to the >N B1-ACD spectrum in the absence of DMSO.
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343 Modeling

A starting homology model was produced by aligning a crystal structure of the HspBl1
ACD (PDB 4MJH) with a crystal structure of an HspB2/HspB3 heterotetramer (PDB 6F2R) and
creating a new PDB file with structural elements from both. It contained the HspB1 ACD,
including both B2 strands, a copy of the HspB2 motif *7”VNEVYISLL'®* bound in each B4/B8
groove, and a copy of the HspB2 conserved motif ?RLGEQRFG?*® bound in the dimer interface
groove. Residues from the HspB2/HspB3 crystal structure were mutated to the appropriate
sequence for HspB1 using Pymol. PyRosetta was used to eliminate clashes and model in missing
segments. The function FastRelax was used to relax the starting homology model and eliminate
clashes between chains. Fragment insertion using BlueprintBDR was then used to add the initial
residues of the distal region and a segment of the 2/3 loop that was not resolved in the crystal
structure. Two distinct connectivities involving the aromatic region were modeled using
BlueprintBDR. One structure was generated in which the aromatic region connected the distal
region bound in the opposite orientation of the conserved region, such that it wrapped around the
edge of the ACD and contacted loops 3/4, 5/6 and 8/9. Another was generated in which it
connected the conserved region to the other distal region and crossed over strands 38, 39, and 3.
Each of these structures was then subject to 100 rounds of Generalized Kinematic Closure to
generate two sets of 100 structures that sample the conformational flexibility of the aromatic
region. The missing loops connecting the beginning of the NTR to the B2 strands were then
modeled in using BlueprintBDR. Again, there were two possible connectivities for each structure:
the conserved motif could be connected to either 2 strand, while the distal region not connected
to the conserved motif could be connected to the other B2 strand. For each model, both

connectivities were sampled, producing four sets with unique topologies that each contained 100
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structures. For each step in which additional residues were introduced in the model, FastRelax was
used to relax the new segment and the residues adjacent to it. Finally, FastRelax was used to relax

all atoms in the final structures.
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Figure 3.1. sHSP domain architecture and sequence alignment

(a) All sHSPs are defined by a conserved alpha-crystallin domain (ACD), which is flanked by N-
terminal and C-terminal regions (NTR and CTR, respectively). HSPB1 contains a single cysteine,
located in the ACD, which is mutated to serine in some experiments in this study. Some constructs
are truncated after position 176 in the CTR or contain mutations of the IXI motif (ITIPV to
GTGPG) (b) ACD homodimer structure (4MJH), with dotted line indicating axis of symmetry
along which ACDs interact via beta6+7 strands. Dotted arrows in the right panel indicate the axes
of the dimer interface and beta4/beta8 grooves. (¢) NTR alignment of better-characterized human
sHSPs shows minimal sequence conservation aside from the “conserved” region. The NTR
sequence of HSPBI1 is divided into 6 sub-regions for this study, which are probed in peptide form
aside from the highly hydrophobic insertion region. Sites of interest in this study are indicated-
Phosphorylation sites in HSPB1 are mutated to aspartate to mimic phosphorylation. Several sites
tolerated mutation to cysteine for spin label attachment (filled circles), but mutation or spin label
attachment at three positions in the Trp-rich region perturbed the structure (unfilled circles). Two
disease-associated mutations (G34R, P39L) were examined in this study, although other NTR
mutations have been reported.
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Figure 3.2. NMR of NTR-ACD reveals changes in the ACD caused by the NTR

(A) Comparison of ACD (black), NTR-ACD (blue), and a mixture of 15N-labeled ACD and
unlabeled NTR-ACD (red) 1H-15N HSQC-TROSY spectra. (B) CSPs measured for each residue
with the following color coding- residues that are most perturbed in NTR-ACD compared to ACD
(blue), show NTR-ACD-like chemical shifts in the ACD mixing experiment (red), and show
effects for both cases (black). Gray squares correspond to absent residues in NTR-ACD that are
presumably in substantially different chemical environments between ACD and NTR-ACD. (C)
Perturbed residues in the mixed '"N-B1-ACD/NTR-ACD dimer spectrum plotted onto the solution
NMR structure of the ACD. Residues for which a distinct, new peak arises in the same position as
the NTR-ACD spectrum are highlighted in red. These mainly cluster around the f4- groove.
Residues for which the peak is perturbed, but there is not a clear, new peak are highlighted in teal.
These mostly occur in and around the dimer interface.
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Figure 3.3. Summary of results from peptide-binding and PRE NMR experiments

Regions of the ACD that are perturbed upon peptide binding or lose intensity in the presence of a
spin label are highlighted on the primary structure (top) and NMR structure (PDB 2N3J, bottom)
of HspB1. The peptide from the Trp-rich region did not cause significant perturbations, and the
presence of a spin label at position 65 caused widespread, nonspecific intensity loss, so these were
not included in the bottom panel.
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Figure 3.4. Perturbations of '’N-B1-ACD due to NTR peptide binding

The distal peptide, consisting of the first 13 residues of HspB1, causes CSPs in the "'N-HSQC
spectrum of B1-ACD (black). The peak shifts (pink: 5 molar equivalents, red: 8.4 molar
equivalents) occur along a trajectory toward the peak positions of the same residues in the "N-
HSQC of NTR-ACD (grey) (A). The strongest CSPs map to residues in the f4-B8 groove (C). The
aromatic peptide (residues 12-27) also causes CSPs in the spectrum of BI-ACD (green), but these
are weakened when the peptide contains phosphoserine at site 15 (pink) (B). The CSPs map to
residues in loops 3/4 and 5/6 and strand f6+7 (D). The conserved peptide (residues 25-37) causes
intensity loss in peaks in the "'N-HSQC spectrum of HspB1 ACD corresponding to strands B3,
B6+7, and 9. Peaks that lose more than 30% of their original intensity are colored in orange (E).
The Trp-rich peptide (residues 37-53) does not cause significant CSPs or intensity loss (F). The
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boundary peptide (residues 74-91) causes both CSPs and intensity loss. Peaks that lose over 30%
of their initial intensity are colored dark blue, and peaks with CSPs >0.05ppm that do not lose 30%
of their initial intensity are colored light blue (G).
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Figure 3.5. PRE NMR reveals contacts between NTR sites and ACD residues

The spin label MTSL was conjugated at five positions in the NTR of ''’N-NTR-ACD, and spectra
were collected in the presence of the active spin label (paramagnetic) and after it had been
quenched by ascorbate (diamagnetic). Error bars represent the range of two independent
experiments. Panels A-E show PRE data for peaks corresponding to residues in the ACD for each
of the five spin label positions. Peaks that lose more than 40% of their intensity are highlighted in
color, and peaks that lose more than 70% are shown in lighter colors. Panel F shows PRE data for
peaks corresponding to residues in the NTR for which assignments are available. The colors match

the colors in panels A-E.
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Figure 3.6. Phosphorylation and disease-associated mutations can alter peptide binding

(A) CSPs in the aromatic peptide binding experiment with >N’ ACD. A phosphorylated form of
the aromatic peptide with phophoserine at position 15 does not cause strong CSPs (diamonds),
indicating that phosphorylation disrupts binding of this peptide to the ACD.

(B) NMR intensity loss in boundary region peptide binding experiment with ACD. A peptide with
phosphoserine at positions 78 and 82 caused similar perturbations to the non-phosphorylated
peptide, indicating that phosphorylation does not have a direct effect on this interaction. Colored
points lost >30% intensity, had CSPs over 0.5, or both.

(C) NMR intensity loss in G34R-modified conserved peptide binding experiment with ACD.
“WT” conserved peptide intensity ratios are shown as circles, and G34R peptide ratios as
diamonds. Affected residues below the dotted line are colored orange. Fewer residues are affected
by mutant peptide binding and to a lesser extent. (D) Analogous peptide binding experiment with
Trp-rich peptide and P39L-modified peptide. In both cases, no notable intensity losses occur.
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Figure 3.7. Modeling of NTR-ACD interactions reveals basis of conformational heterogeneity

A starting structure of the ACD with two copies of the distal motif (red arrows), on copy of the
conserved motif (orange arrow), and two copies of B2 (blue arrows) can have the missing loops
modeled with four potential connectivities (A). Either copy of the distal motif can be connected to
the conserved motif (green lines), which can then be connected to either copy of B2 (black lines).
Based on our NMR results, we believe it more likely that the conserved motif is connected to the
distal motif oriented in the opposite direction (thicker green line), placing the aromatic region on
the side of the ACD with loops 3/4 and 5/6. Representative models of the four possible
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connectivities are shown in panels B, C, D, and E, with B and C being favored over D and E.
Depending on how the conserved region is connected to the boundary region, contacts between
the distal and aromatic regions and the ACD can occur within a single polypeptide chain (B and
D) or between different chains within a dimer (C and E). It is likely that within the context of a
higher-order oligomer, the contacts could occur between subunits that are not part of the same
ACD dimer building block (F). A surface representation of the model in panel C shows that the
regions of the NTR included in our model make extensive contact with the ACD and match the
perturbed regions highlighted in Figure 3 well (G). The types of intra- and interchain contacts that
are possible within HspB1 dimers and higher-order oligomers are outlined in panel (H). Solid lines
represent interactions for which we have evidence from our NMR and modeling data. Dotted lines
represent hypothetical interactions for which we do not have direct evidence but which we believe
are likely to occur.
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Chapter 4. RELEASE OF A DISORDERED DOMAIN ENHANCES

HSPB1 CHAPERONE ACTIVITY TOWARD TAU

[Adapted from Baughman, Pham, Adams, Nath, and Klevit (2019) “Release of a disordered

domain enhances HspB1 chaperone activity toward tau” (in preparation)]

Abstract

Small heat shock proteins (sHSPs) are a class of ATP-independent molecular chaperones that play
vital roles in maintaining protein solubility and preventing aberrant protein aggregation. They form
highly dynamic, polydisperse oligomeric ensembles and contain long intrinsically disordered
regions. Due to experimental challenges posed by such systems, the field’s understanding of the
mechanisms of sHSP function is lacking. Here, we characterize interactions between the small
heat shock protein HspB1 and the microtubule-associated protein tau, which has been implicated
in multiple dementias including Alzheimer’s disease. Using NMR spectroscopy, we show that tau
is capable of binding sites within both the folded alpha crystallin domain (ACD) and the disordered
N-terminal region (NTR) of HspBl. However, only interactions involving the NTR lead to
productive chaperone activity, whereas ACD binding is uncorrelated with chaperone function.
Furthermore, we identify mutations in HspB1 that disrupt interactions between the ACD and NTR
and drastically enhance the chaperone activity of HspB1. This points to mechanisms by which
sHSP chaperone activity can be increased, either by native factors within the cell or by therapeutic
agents. These results shed light on the mechanisms by which sHSPs achieve their chaperone
activity against amyloid-forming clients and how cells defend against pathological tau

aggregation.
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4.1 INTRODUCTION

Protein aggregation 1is implicated in numerous human diseases, including
neurodegenerative disorders, diabetes, and cataract formation. Small heat shock proteins (sHSPs)
are molecular chaperones that play important roles in protein homeostasis by working to prevent
aberrant protein aggregation. They interact with numerous aggregation-prone client proteins in an
ATP-independent manner. Humans have 10 sHSPs, which differ in their expression and tissue
distribution (Janowska et al. 2019). The family is defined by the presence of an alpha-crystallin
domain (ACD), which has an immunoglobulin-like 3-sandwich fold and is flanked by disordered,
highly variable domains termed the N-terminal region (NTR) and C-terminal region (CTR).
Interactions between these domains drive the formation of polydisperse ensembles of oligomers,
which can range in size from dimers to 40mers (Jovcevski et al. 2015). Subunits continually
exchange between oligomers, and the distribution of oligomeric sizes is highly sensitive to
conditions such as pH and stress-induced phosphorylation (Rogalla et al. 1999; Rajagopal et al.
2015Db).

Due to experimental difficulties of studying highly dynamic, polydisperse, and disordered
species, our understanding of sHSP structure and function lags behind our understanding of other
classes of chaperones. High-resolution structures of the ACD have been determined for multiple
human sHSPs by x-ray crystallography and NMR spectroscopy, but detailed structural information
about the disordered domains remains lacking. Recent studies have shed light on NTR-ACD
interactions using x-ray crystallography and a combination of NMR and hydrogen-deuterium
exchange mass spectrometry (Sluchanko et al. 2017; Clark et al. 2018; Clouser 2018). NMR and
x-ray crystallography have been used to characterize the CTR and its interactions with the ACD,

and hybrid approaches have been used to develop structural models of sHSP oligomeric
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architecture (Alderson et al. 2017; Hochberg et al. 2014; Braun et al. 2011; Jehle et al. 2011).While

none of this structural work provides a complete, atomic-level model of a human sHSP, taken
together it indicates that the NTR adapts a compact-yet-dynamic state involving extensive
interactions with the ACD, while the CTR is mostly flexible in solution. One well-documented
interaction between the ACD and the terminal domains involves docking of so-called IXI motifs
into a hydrophobic groove on the outer edge of the ACD, termed the 34-B8 groove (Delbecq et al.
2012; Sluchanko et al. 2017; Clark et al. 2018; Hochberg et al. 2014). These motifs consist of
hydrophobic residues, typically isoleucine or valine, separated by a single reside and occur in the
beginning of the NTR and/or in the CTR of many human sHSPs.

Structural information regarding sHSP-client interactions is also lacking. Both the NTR
and the ACD have been shown to interact directly with client proteins, but the relative
contributions of these two domains seems to be highly dependent on the sHSP-client pair studied
(Janowska et al. 2019). The CTR plays roles in subunit recruitment and regulation of oligomeric
state (Delbecq et al. 2015), but is not known to interact directly with clients. The only client-
binding site that has been mapped to the residue level is the 4-f8 groove in the ACD, although
the NTR has been shown to be necessary for interactions between a number of sHSPs and specific
clients. To further our structural understanding of sHSP-client interactions and the mechanisms of
sHSP chaperone activity, we investigated interactions between the small heat shock protein HspB1
and the amyloid-forming client tau.

Tau is a neuronal microtubule-associated protein that forms amyloid-type aggregates in a
set of neurodegenerative disorders termed tauopathies. These include Alzheimer’s Disease,
Frontotemporal Dementia, and Chronic Traumatic Encephalopathy. Under disease conditions, tau

is found to be hyperphosphorylated, dissociated from microtubules, and deposited in B-rich
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amyloid fibrils (Mandelkow and Mandelkow 2011). The morphology of these fibrils appears to

vary by disease (Falcon et al. 2018b, 2018a, 2019; Fitzpatrick et al. 2017a). Fibril formation is
driven primarily by two aggregation-prone motifs: 2>VQIINK?* and 3%VQIVYK?3'! (von Bergen
et al. 2000; Von Bergen et al. 2001). The mechanism of tau toxicity is not fully understood, but it
is generally believed that toxicity is primarily driven by oligomeric species that form during the
process of fibril formation. Pathological tau aggregates are able to spread between neurons via a
prion-like mechanism, the details of which are still being investigated (Sanders et al. 2014).

Overexpression of HspB1 has been to shown to reduce deficits in a tauopathy model mouse
and reduce tau-mediated cell death in a neuronal cell line, indicating that it plays an ameliorative
role in tauopathies (Abisambra et al. 2010; Shimura et al. 2004). We have previously shown that
HspB1 binds the two aggregation-prone motifs in tau and delays its aggregation in vitro
(Baughman et al. 2018). However, many open questions remain regarding how HspB1 achieves
this chaperone activity. It has been shown that tau binds the 34-38 groove of the ACD of HspBl,
but that the ACD alone lacks chaperone activity and the NTR is necessary for chaperone function
(Freilich et al. 2018). From this work, it is unclear how binding to the 4-B8 groove relates to
chaperone activity, whether binding of tau to full-length HspB1 differs from binding to the
truncated ACD, and how interactions between the NTR and ACD may relate to chaperone
function.

We have recently characterized interactions between the NTR and ACD of HspB1 using a
combination of NMR and hydrogen-deuterium exchange mass spectrometry (Clouser 2018;
Chapter 3). Building on the insights we gained from that work, here we seek to structurally
characterize interactions between tau and full-length HspB1. We show that tau binds to sites within

both the NTR and the ACD, although only binding to the NTR is necessary for chaperone activity.
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Further, we develop mutations that inhibit interactions between the 4-B8 groove and the distal
region of the NTR and show that these mutations greatly enhance chaperone activity toward tau.
Together, the results indicate that the NTR drives chaperone activity toward tau whereas ACD
binding does not seem to play a role. Our ability to enhance HspB1 chaperone activity by altering
NTR-ACD interactions suggests possible ways HspB1 activity could be enhanced in cells, which

could potentially be exploited to treat tauopathies.

4.2 RESULTS

4.2.1 The NTR and ACD of HspB1 are involved in tau binding and chaperone activity

To further our structural understanding of how full-length HspB1 interacts with tau, we
used NMR to study the binding of tau to a chaperone-active, full-length construct of HspB1, called
HspBl1pimer. This construct contains three phosphomimetic mutations in its NTR in addition to
“GXG” mutations that eliminate the IPV motif in its CTR, blocking ACD-CTR interactions (Fig.
4.1A). It forms a monodisperse population of dimers in solution, thereby eliminating the
heterogeneity inherent in samples containing polydisperse HspB1 oligomers. HspB1pimer is small
enough to study by NMR spectroscopy, and we have been able to assign resonances in the '°N
HSQC spectrum to most residues in the ACD and CTR of HspB 1pimer, in addition to some regions
of the NTR (Clouser 2018).

In the presence of unlabeled tau4RD, many of resonances in the spectrum of HspB1pimer
lose intensity. This intensity loss is widespread throughout resonances assigned to both the ACD
and the NTR but not the CTR, indicating that both the NTR and ACD are perturbed upon tau

binding (Fig. 4.1B, 4.2A). This intensity loss is not localized to specific regions of either domain,
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but rather is widespread throughout the ACD and the regions of the NTR for which assignments
are available. This indicates that the interactions between tau and HspB1 are not as simple as
binding to a specific site on HspB1 but likely involve a large-scale structural rearrangement,
interactions with multiple binding sites, or both. In contrast, tau binding to the isolated ACD of
HspB1 has been shown to cause perturbations almost exclusively in the 4-B8 groove (Freilich et
al. 2018). The discrepancy between the results obtained using the isolated ACD versus full-length
HspB 1pimer indicates that the disordered domains of HspB1 alter the nature of its interactions with
tau.

To further elucidate the roles of each of the three domains of HspB1 in its ability to bind
tau and delay tau fibril formation, we systematically deleted domains from HspB1. By removing
the CTR of HspBlpimer, we created a construct containing the ACD and the NTR with the
phosphomimetic mutations, which we termed HspBIntr-acp (Fig. 4.1A). We tested its chaperone
activity against tau4RD in a Thioflavin T (ThT)-monitored fibril formation assay. Tau4RD has
sigmoidal aggregation kinetics, with a lag phase of approximately one hour, followed by an
increase in ThT fluorescence as fibrils form and elongate, then a plateau in fluorescence after 4-5
hours. We found that HspBIntr-acp delayed taudRD aggregation by about 2 hours, and that its
chaperone activity was highly similar to that of HspB1pimer (Fig. 4.1C). We also tested the ability
of HspBIntr-Acp to bind tau4RD by NMR. We found that HspB Intr-acp caused intensity loss in
the "’N-HSQC of tau4RD in peaks corresponding to the two aggregation-prone motifs in tau,
2I5VQIINK? and 3°VQIVYK3! (Fig. 4.1D, 4.2C). This intensity loss was highly similar in
pattern and magnitude to the intensity loss caused by HspBlpimer, indicating that these two
constructs bind tau in a similar manner. The similarity in binding and chaperone activity between

HspB 1pimer and HspB Intr-acp indicates that the CTR of HspB1 bearing the GXG mutations is not
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involved in tau binding or chaperone activity. This is consistent with the NMR results from
HspB 1 pimer that show no change in intensity in CTR peaks upon tau binding.

We also tested the effect of deletion of the NTR in addition to the CTR, leaving only the
ACD (Fig. 4.1A). HspBlacp was unable to delay tau aggregation, proving that the NTR is
necessary for HspB1 chaperone activity (Fig. 4.1C). However, HspB1acp retained the ability to
bind the 2VQIINK?# and 3°%VQIVYK?3!! motifs of taud4RD in the absence of the NTR, and in fact
caused greater peak intensity loss than either HspBlpimer or HspBlInTr-acD (Fig. 4.1D, 4.2D).
HspBlacp also perturbed residues at the start of the fourth microtubule-binding repeat of tau,
which contains the sequence **’VEVKSE?**2. This region was not perturbed by either of the other
HspB1 constructs. The greater degree and extent of peak intensity loss caused by HspBlacp
relative to HspB Intr-acp indicates that the binding of tau to HspB1 is strongly influenced by the
presence of the NTR. Because HspB1acp is lower molecular weight than HspB 1 pimer or HspB InTr-
acD, the increased intensity loss can only be explained by tighter binding. This indicates that the
ability to bind tau is not only insufficient for chaperone activity, but in fact the binding affinity is
in no way correlated with chaperone activity. The results involving these truncation constructs are
in good agreement with results obtained independently by a different group using somewhat
different constructs, indicating that these surprising findings are robust and reproducible (Freilich

et al. 2018).

422 Tau interacts with regions of the both ACD and the NTR

While the results above implicate both the NTR and the ACD in tau binding, they do not
provide information on which regions of these domains are important. We sought to obtain finer-
grained structural information through Paramagnetic Relaxation Enhancement (PRE) NMR

experiments. Constructs of HspB Intr-acp wWere created in which the native cysteine was mutated
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to serine, and single residues throughout the NTR and ACD were mutated to cysteine to enable
conjugation of the spin label MTSL at these sites. MTSL causes intensity loss in peaks in an NMR
spectrum corresponding to residues close in space to the spin label. By probing the interaction
between these constructs and a construct of >N-labeled tau4RD in which both native cysteines
were mutated to serine, we were able to determine the relative distances between residues in
tau4RD and the spin label positions in HspB1. In total, nine spin label positions in HspB1 were
tested: residues 2, 26, 65, 74, 83, 91, 151, 154, and 174 (Fig. 4.3A, 4.4A). To ensure that the
mutation and MTSL conjugation did not perturb the ability to bind tau, we compared peak intensity
loss in the HSQC spectrum of tau4RD due to binding of HspB1 constructs with ascorbate-
quenched MTSL to intensity loss due to the binding of HspB 1nTr-acD Without a spin label. Eight
of the nine constructs caused a similar degree of broadening compared to HspB1ntr-acp (Fig.
4.4B), indicating that MTSL conjugation at these positions did not alter the ability of HspB1 to
bind tau. The construct S83C~MTSL caused only subtle intensity loss, indicating that the binding
of tau was weakened by the presence of the mutation and spin label at this position (Fig. 4.4B).
We tested whether the construct with the mutation S83C but without MTSL conjugated at that site
also had perturbed tau binding and found that the mutation alone severely weakened the ability of
HspBInTr-acp to bind taudRD (Fig. 4.4C). The S83C construct was not included in further
analysis; however, the ability of this mutation to disrupt HspB1/tau interactions likely indicates an
important role for this region of the NTR in tau binding. Notably, Ser83 is flanked by a
phosphorylation site (Ser82) and the location of a disease-associated mutation (G84R), supporting
the notion that this region is important for HspB1 activity.

The presence of MTSL at position 2 had almost no effect on the "'N-HSQC spectrum of

tau4RD, indicating that the beginning of the NTR, which we term the distal region, does not come
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into close contact with tau4RD. MTSL at positions 26, 74, 91, and 174 had an intermediate effect,
while MTSL at positions 65, 151, and 154 caused the strongest PREs in the spectrum of tau4RD
(Fig. 4.3B, 4.4D). This indicates that tau comes in close contact with residues in both the NTR and
the ACD. Residues 151 and 154 are both near the f4-B8 groove, while residue 65 is in an insertion
region of the NTR that is not conserved in other human sHSPs (Fig. 4.4A). The PREs observed
for each of these constructs are similar in magnitude, although the spin label at position 65 causes
somewhat more intensity loss in the 2’SVQIINK?# motif while the spin labels at positions 151 and
154 cause more in the *°°VQIVYK3!! motif. From the data, we cannot determine whether the
insertion region of the NTR comes into close proximity of the B4-B8 groove upon binding tau,
forming a single binding site, or whether tau interacts with the ACD and the NTR independently
of each other.

To test whether tau binds to a single site on HspB1 or multiple sites in the NTR and ACD,
we conjugated MTSL to position 65 of '’N-labeled HspB Intr-acp and tested whether the presence
of tau changed the intramolecular PREs observed for this construct. We have previously shown
that MTSL at this position causes moderate PREs in peaks corresponding to nearly all residues in
the ACD, indicating that this region of the NTR is solvent-exposed and makes transient, non-
specific contact with all parts of the ACD (Fig. 4.4E) (Clouser 2018). If tau bound to a single site
within HspB1 composed of the B4-8 groove and the insertion region of the NTR, we would expect
that tau binding would enhance the intramolecular PREs observed for residues in and around the
[4-B8 groove. However, we do not see any significant change in the PREs for these residues in
the presence of unlabeled tau4RD (Fig. 4.3C). This suggests that there are two separate binding

sites in HspB1: one in the B4-B8 groove and another in the NTR. The only major change observed
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was a weakening of PREs in the B9 strand in the presence of tau4RD, indicating that the insertion
region of the NTR makes less contact with this strand upon tau binding.

We also tested whether binding of tau4RD changes the association of the distal region of
the NTR with the 4-B8 groove. We have previously shown that the distal region of the NTR binds
in the B4-B8 groove, and that MTSL at position 2 causes highly localized PREs in loops 7/8 and
4/5 (Fig. 4.4F). In the presence of tau4RD, these intramolecular PREs are weakened, indicating
that tau4RD causes the distal end of the NTR to move away from the ACD (Fig. 4.3D). This is
likely caused by competition between tau and this region of the NTR for binding in the p4-B8
groove. It also explains the lack of intermolecular PREs observed in the intermolecular PRE
experiments when MTSL is conjugated at position 2 (Fig. 4.3B). If binding of tau and the distal
region of the NTR to the B4-B8 groove is mutually exclusive, they would likely never be close in
space, and PREs would not be observed. Overall, the results from these PRE experiments
demonstrate that tau can bind at least two sites within HspB1, one in the NTR and one in the [34-
B8 groove, and binding in the 4-B8 groove involves competition with the distal region of the

NTR.

423 Blocking interactions with the [4-8 groove enhances chaperone activity

To elucidate the relative contributions of the two tau binding sites in HspB1, we introduced
a “groove bump” mutation in the B4-B8 groove to prevent tau from binding to that site. The groove
bump mutation S135Q in HspB5 has been previously used to inhibit interactions between the 4-
B8 groove and IXI motifs in its own CTR and the CTRs of other human sHSPs (Delbecq et al.

2012). We introduced the homologous mutation, S155Q, into the HspBlacp and HspB1pimer

constructs and termed the new constructs ACDgump and Dimergump. We found that tau4RD caused
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CSPs in the >N HSQC of HspB1acp in peaks corresponding to the B4-B8 groove, as expected, but
that it did not cause CSPs in the spectrum of ACDgump (Fig. 4.5 A, 4.6). This confirms that the
mutation prevents tau from binding to the $4-B8 groove. However, the construct Dimergump still
causes peak intensity loss in the spectrum of '"N-taud4RD and thus retains the ability to bind tau
(Fig. 4.5 B). This binding is only slightly weaker than the binding of HspB 1 pimer to tau, indicating
that tau is able to bind to full-length HspB1 in a manner that is independent of the 4-B8 groove,
presumably through interactions with the NTR. We then asked whether HspB1 carrying the groove
bump mutation was still an effective chaperone of tau. Shockingly, we found that Dimergump not
only retained its chaperone activity against tau but was actually a much more effective chaperone
than HspBlpimer, and therefore the groove bump mutation enhances the chaperone activity of
HspB1 (Fig. 4.5 C). This clearly demonstrates that although tau is able to bind to both the NTR
and the 4-B8 groove, binding to the B4-B8 groove is unnecessary and may be counterproductive,
whereas interactions with the NTR are vital for chaperone activity.

It has previously been reported that many chaperones, including HspB1, are less effective
against tau that carries the disease-associated mutation P301L (Mok et al. 2018). We asked
whether the groove bump mutation could rescue chaperone activity against tau4RD carrying this
mutation. Tau4RDp3011. has rapid aggregation kinetics and aggregates fully within 2 hours in a
heparin-induced, ThT-monitored assay. HspB 1pimer 1s able to delay this aggregation slightly, but
it is less potent than it is against wild-type tau4RD (Fig. 4.7). However, Dimergump is able to delay
aggregation of tau4RDp301L to a much greater extent than HspBIpimer (Fig. 4.5 D). The groove
bump mutation is therefore able to rescue chaperone activity even against a tau construct that is

resistant to many chaperones.
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424  Releasing the NTR from the p4-[8 groove enhances chaperone activity

The enhanced chaperone activity of the groove bump mutant could be due to one of two
causes. Binding of tau to the f4-B8 groove could disfavor interactions with the NTR by competing
with it for the pool of available tau, decreasing the likelihood of productive interactions that lead
to chaperone activity. Alternately, the groove bump mutation could affect binding of the NTR to
the 4-B8 groove in a manner that enhances the chaperone activity of the NTR. We have previously
shown that a peptide consisting of the first 13 residues of HspB1 binds in the B4-B8 groove
(Chapter 3). The groove bump mutation is able to block binding of this peptide into the p4-B8
groove of HspB1acp, in a manner similar to the way it blocks tau binding (Fig. 4.8). While these
experiments were performed with the peptide added in trans, the groove bump mutation likely has
the same effect in cis, blocking interactions between the 4-B8 groove and the distal NTR within
HspB1pimer. We used CD spectroscopy to study whether the bump mutation alters the secondary
structure of HspBlpimer and found that HspBlpimer and Dimergump have very different CD
signatures, indicating that the groove bump mutation alters the secondary structure of the protein
(Fig. 4.9 D). HspB1pimer has a characteristic positive peak around 230 nm that is present of in the
spectra of phosphorylated HspB1 and HspB1 constructs containing phosphomimetic mutations.
Dimergump lacks this peak despite containing the three phosphomimetic mutations and has a CD
spectrum more similar to wild-type HspBl. We also analyzed the oligomeric propensity of
Dimergump by SEC-MALS and found that it eluted slightly earlier than HspB1pimer and formed a
population of oligomers larger than dimers, with an average molecular weight around 80 kDa (Fig.
4.9 A). This is consistent with a polydisperse population of oligomers predominantly composed of

dimers and tetramers.
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We attempted to recapitulate the structural effects of the groove bump mutation by
introducing a mutation in the distal region of the NTR that would disrupt interactions between this
motif and the B4-B8 groove in a similar manner to the groove bump mutation. We had previously
hypothesized that the residue Phe8 was a part of the hydrophobic motif recognized by the groove,
so we mutated this residue to a glycine. We found that the construct Dimerrsg was structurally
similar to Dimergump. It had a highly similar CD spectrum and SEC-MALS profile, indicating that
the secondary structure and oligomeric propensities of these constructs were similar (Fig. 4.9).
This provides strong support that the F8G mutation disrupts distal NTR/B4-38 groove interactions
in a manner similar to the groove bump mutation. However, this mutant has an accessible 4-38
groove that remains able to bind tau. If the enhanced chaperone activity of the groove bump mutant
is due to the release of the distal NTR motif from the B4-B8 groove, we would expect the F8G
mutation to also increase chaperone activity. However, if the enhanced activity is due to decreased
binding to the 4-B8 groove, we would expect its activity to be the same or diminished, as releasing
the NTR from the B4-B8 groove would decrease competition with tau for this groove.

The F8G mutation greatly enhanced the chaperone activity of HspB1pimer, providing strong
support for the hypothesis that releasing the distal NTR from the 4-8 groove enhances chaperone
activity toward tau (Fig. 4.10 A). The Dimerrsc mutant also bound much more tightly to tau4RD
than HspB 1 pimer, as monitored by NMR. It caused peaks corresponding to the motifs 27> VQIINK?3°
and 3*°VQIVYK?3!" in tau to disappear from the '"N-HSQC spectrum, in addition to widespread
intensity loss in other regions, predominantly at the start of the fourth microtubule-binding repeat
(Fig. 4.10 B). This is reminiscent of the intensity loss in this region caused by HspBlacp. It
suggests that tau4RD is able to bind the f4-B8 groove in a manner similar to the way it binds the

isolated ACD, without competition from the NTR for this groove. However, the intensity loss is
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even more widespread than that caused by HspB1acp, likely due to interactions with the released
NTR in addition to the B4-B8 groove. Together with the groove bump mutation results, this
indicates that HspB1 chaperone activity toward tau is independent of binding to the 4-B8 groove,

but strongly dependent on interactions with the NTR.

4.3  DISCUSSION

Overall, the results presented here provide strong evidence that HspB1 achieves its
chaperone activity toward tau through transient interactions involving its disordered NTR. Our
group and others have noted that the NTR is necessary for chaperone activity, and we were able
to identify a direct interaction between tau and the insertion region of the NTR through PRE NMR
experiments. HspB1 chaperone activity is enhanced by mutations that release the distal region of
the NTR from the 4-B8 groove, suggesting that increased flexibility of this domain results in
improved chaperone activity. In contrast, although tau can bind to the 4-B8 groove of the ACD,
this binding is independent of HspB1 chaperone activity. The ACD lacks chaperone activity in the
absence of the NTR, and the activity of full-length HspB1 can be enhanced by mutations that either
diminish or increase the accessibility of the f4-B8 groove.

We have identified at least two regions of the NTR that may be directly involved in binding
tau. Our work did not exhaustively sample all regions of the NTR of HspB1. We have previously
noted that some regions, particularly the Tryptophan-rich region involving residues 40-55, are
sensitive to mutations that enable MTSL conjugation (Chapter 3), so we could not probe
interactions between these regions and tau. Therefore, it is possible that additional residues within

the NTR play important roles that we were unable to detect. Our PRE results indicate that residue



110

65 makes close contact with tau4RD. This residue is in an insertion region unique to HspB1, which
is not present in other human sHSPs and has been shown to alter oligomeric propensity
(Mchaourab et al. 2012; Mishra et al. 2018). The non-conserved nature of this region may indicate
that other human sHSPs interact with tau in a manner that is different from HspB1 (Fig. 4.4 A).
The only other human sHSP that has been shown to interact with tau is HspB5. In contrast to
HspB1, the ACD of HspB5 had chaperone activity in isolation, indicating that the interactions are
likely different in nature (Liu et al. 2018).

We also found that the mutation S83C in HspB1 greatly diminished its ability to bind tau,
indicating that this residue plays a vital role in the interaction. The adjacent residue, Ser82,
undergoes reversible phosphorylation in response to stress. Given the proximity of these residues,
one would imagine that interactions with tau may be regulated by phosphorylation. However,
previous work from our group and others has found only subtle differences in chaperone activity
toward tau between wild-type HspB1 and HspB1 containing three phosphomimetic mutations
(Baughman et al. 2018; Freilich et al. 2018). Nevertheless, it is possible that phosphorylation of
HspB1 could play an important role under different experimental conditions, especially under
more native-like conditions in cells.

The NTR positions we found to be involved in tau binding are separated from the distal
region of the NTR by over 50 residues and have not been shown to interact with the f4-38 groove.
Assuming that these interactions are driving chaperone activity, it is intriguing that release of the
distal region from the 34-B8 groove is able to enhance the chaperone activity so dramatically. It
indicates that changes in the flexibility of the distal region are able to propagate through other
regions of the NTR. Binding of the distal region to the B4-B8 groove may constrain the

conformational states accessible to the rest of the NTR. The mutations that cause the release of the
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distal NTR also alter the CD spectrum of HspB1, suggesting widespread conformational changes
and supporting the idea that changes in the distal region can influence other regions of the protein.
These results highlight the importance of interplay between the domains of HspB1 in the regulation
of local structure and client interactions.

The B4-B8 groove is an important hub for protein-protein interactions in human sHSPs. It
has long been known to bind motifs with alternating isoleucine and valine residues (IXI motifs) in
the CTRs of sHSPs, and recent work has shown that it can also bind similar motifs in the NTRs of
some sHSPs. It is the only well-documented binding site for aggregation-prone clients in human
sHSPs. Many recent studies have shown that, in addition to canonical IXI motifs, other non-
canonical hydrophobic motifs also can bind (Mainz et al. 2015; Liu et al. 2018; Weeks et al. 2014;
Collier et al. 2019). While the B4-B8 groove has some specificity and cannot bind any arbitrary
hydrophobic sequence, it is clear that it can tolerate multiple hydrophobic residues in the two
pockets within the groove. In HspB1, the 34-B8 groove has been shown to bind the co-chaperone
Bag3, an IPV motif in the CTR, and the distal motif in the NTR (Rauch et al. 2017; Hochberg et
al. 2014). Given the prevalence of potential interaction motifs in the proteome, it is highly likely
that additional interaction partners will be discovered. Therefore, any interactions with the 4-B8
groove likely involve competition between multiple binding partners. Based on the results with
our activated mutants, the presence of a binding partner that competes with the NTR for the groove
would be predicted to enhance chaperone activity by favoring the release of the NTR (Fig. 4.10
C). Binding to the B4-B8 groove could potentially be a mechanism by which co-chaperones
enhance HspB1 activity under conditions of stress. It could also potentially be exploited by a

therapeutic agent in the treatment of tauopathies.



112

Tau is the only client of HspB1 for which a binding site has been mapped at the residue
level. However, tau and two other amyloid-forming client proteins, a-synuclein and amyloid-f3,
have all been shown to bind the B4-38 groove of HspB5 (Liu et al. 2018; Mainz et al. 2015). While
our results clearly demonstrate that binding of tau to the f4-B8 groove of HspB1 is non-functional,
this may not be generally true of all sHSP-client interactions. Unlike HspB1, the truncated ACD
of HspBS5 was able to chaperone all three amyloid-forming clients, suggesting a difference in the
mechanism of chaperone activity between these sHSPs. Nevertheless, incorporation of the groove
bump mutation in HspBS5 still enhanced its chaperone activity toward amyloid-3 (Mainz et al.
2015). This result is inconsistent with a simple model in which chaperone activity of HspBS5 is
solely due to binding of client to the B4-B8 groove. Based on our findings regarding the mechanism
of the groove bump mutation in enhancing HspB1 chaperone activity toward tau, we believe it is
likely that release of the HspBS5 NTR by this mutation is what enhances its activity toward amyloid-
B, suggesting that both the NTR and ACD play roles, even if the ACD alone is sufficient for
chaperone activity.

In general, the chaperone activity of all human sHSPs likely involves complex interplay
between domains, particularly the NTR and ACD. Binding experiments with the isolated ACD
tend to give clean results that are easier to interpret than experiments with the full-length proteins
(see Fig. 4.5A vs. 4.1B). Given the experimental tractability of isolated ACDs and the
complications inherent in structurally characterizing heterogeneous, partially disordered full-
length sHSPs, it is no coincidence that the only well-documented binding site for aggregation-
prone clients is the f4-B8 groove. The results presented here should serve as a cautionary tale that,
although easily detectable, B4-B8 groove binding may be a red herring on the path toward

discovering the mechanism of sHSP function. Recent work from our group and others has
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documented extensive interactions between the NTR and ACD, such that the activity of either
domain in isolation is unlikely to fully capture the nature of sHSP chaperone activity.

Our findings clearly indicate that chaperone activity of HspB1 cannot be explained by the
simple binding of tau to the chaperone. In fact, there does not seem to be any correlation between
binding affinity and chaperone activity. Our group and others have shown that wild-type HspB1
has chaperone activity toward tau, but binding is undetectable by NMR, whereas the isolated ACD
lacks chaperone activity but causes significant intensity loss in the tau4RD NMR spectrum. Rather
than acting through a sponge-like mechanism, in which HspB1 binds available tau and prevents
aggregation by removing it from solution, it seems that chaperone activity is driven by highly
transient interactions between the two proteins. We have been able to identify regions of the NTR
that interact with tau and have shown that chaperone activity is enhanced upon release of the distal
region of the NTR. However, many important details of this interaction remain to be elucidated.
Future studies are needed to determine the nature of these transient interactions and mechanism by

which greater NTR flexibility translates into enhanced chaperone activity.

4.4  MATERIALS AND METHODS

4.4.1 Protein Expression and Purification

Taud4RD, HspB1pimer, HspBInTrR-ACD, and HspBlacp constructs were expressed and purified as
described previously (Baughman et al. 2018; Clouser and Klevit 2017; Rajagopal et al. 2015a).
Dimerrsg was found to be highly susceptible to proteolysis, so it was expressed at 16°C instead of
22°C and all chromatography steps were performed at 4°C in the presence of protease inhibitors.
Additionally, a second anion exchange step was added following elution from the DEAE column.

Sample was loaded onto a 5 mL HiTrap Q HP column (GE Healthcare) equilibrated in buffer



114

containing 20 mM Tris, 30 mM ammonium chloride, and 10 mM magnesium chloride at pH 7.6
and eluted over a 70 mL gradient into the same buffer containing 200 mM NaCl. Sample was then
concentrated using a 10,000 MWCO Amicon Ultra Centrifugal Filter prior to size exclusion
chromatography. All proteins were quantified by measuring absorbance at 280 nm using a Take3

Micro-Volume Plate on a Biotek Synergy HTX multimode plate reader.

44.2 NMR Spectroscopy

NMR experiments were performed in buffer containing 25 mM sodium phosphate, 100 mM
sodium chloride, and 0.5 mM EDTA at pH 7.4. PRE experiments were conducted in the absence
of reducing agent, but all other samples contained 2 mM DTT. All spectra of tau4RD and
HspB InTr-acD constructs were collected on a Bruker Avance II1 800 MHz magnet equipped with
a cryoprobe. Taud4RD spectra all were collected at 10 degrees C, and HspB InTr-acD Spectra were
collected at 30 degrees C. All spectra of HspBlacp and HspB1pimer were collected on a Bruker
Avance II 600 MHz magnet equipped with a cryoprobe at 30 degrees C. Previously reported
assignments were used for all constructs (Baughman, Clouser, Rajagopal). Data were processed

using NMRPipe and analyzed with NMRViewl.

443 PRE Experiments

Prior to labeling with MTSL, HspBIntr-acp cysteine mutant constructs were incubated in the
presence of 2 mM DTT at room temperature for 1 hour. The samples were then run over a 5 mL
HiTrap Desalting column (GE Healthcare) equilibrated in NMR buffer (25 mM NaPi, 100 mM
NaCl, 0.5 mM EDTA, pH 7.4) to remove the DTT, and 5 molar equivalents MTSL dissolved in
DMSO were added to the protein fractions immediately following elution. Samples were incubated

at room temperature for 3 hours, then run over the 5 mL HiTrap Desalting column to remove
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excess MTSL. Fractions were concentrated to under 400 uL using 10,000 MWCO Amicon Ultra

Centrifugal Filters, then dialyzed against 500 mL NMR buffer at 4 degrees C for at least 4 hours
to remove remaining MTSL. Samples equilibrated at room temperature for at least an hour before
spectra were acquired in the presence of the paramagnetic spin label. Samples were then quenched
by the addition of 5 uLL 500 mM sodium ascorbate to a final ascorbate concentration of 5 mM.
Spectra were collected on the diamagnetic samples within 24 hours of collection of the
paramagnetic spectra. PREs were quantified by dividing the intensity of peaks in the paramagnetic

spectra by intensity of peaks the diamagnetic spectra.

4.44  Fibril Formation Assays

Taud4RD fibril formation assays were conducted in a 96-well plate format using a Biotek Synergy
HTX multimode plate reader, as described previously (Baughman et al. 2018). Each well contained
200 uL sample with 3.5 uM taud4RD, 6 uM heparin (MP Biomedicals, average molecular mass 3
kDa), 75 uM Thioflavin T (Acros Organics), and varying concentrations of HspB1 in buffer
containing 30 mM NaPi, 20 mM NaCl, 5 mM DTT, and 0.5 mM EDTA at pH 7.4. Plates were
incubated at 37 degrees C and shaken linearly at 1096 cpm for 1 min every 2.5 min. Fluorescence
measurements were taken immediately after shaking using 440- and 485- nm filters for excitation

and emission, respectively.

4.4.5 CD Spectroscopy

CD spectra of HspB1 constructs were collected on a Jasco J-1500 CD spectrometer. Each sample
contained 7.5 uM protein in buffer containing 25 mM sodium phosphate, 50 mM sodium

chloride, and 0.5 mM EDTA at pH 7.4. Samples equilibrated at least 2 hours at room
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temperature prior to measurement. Measurements were recorded from 260 to 195 nm, and data

represent the average of 10 scans.

446  SEC-MALS

Samples containing 50 uM HspB1 were prepared in buffer containing 25 mM sodium phosphate,
100 mM sodium chloride, and 0.5 mM EDTA at pH 7.4 and allowed to equilibrate at room
temperature for at least two hours. 100 uL of each sample was injected on a Sepax SRT-C SEC
500 column attached to an Agilent Technologies 1260 Infinity I HPLC coupled to a Wyatt
miniDAWN TREOS and Optilab T-rEX differential refractive index detector. Analysis was
performed using Wyatt ASTRA VI software. Bovine serum albumin (1 mg/mL) was run before

the first sample and after the last and was used to calibrate the curves.
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Figure 4.1. The NTR and ACD are implicated in tau binding & chaperone activity

A. HspB1 constructs used in this work. HspB 1 pimer was created by mutating the three serine
phosphorylation sites in the NTR to aspartate to mimic phosphorylation and mutating the CTR
motif ’ITIPV!8 to GTGPG to inhibit interactions between this motif and the B4-B8 groove of
the ACD. HspBIntr-acD consists of the NTR bearing the phosphomimetic mutations as well as
the ACD. HspB1acp lacks both the NTR and CTR.

B. Intensity loss in >N HSQC spectrum of HspB 1pimer (300 uM) due to binding of tau4RD (300
uM). Taud4RD causes intensity loss in peaks corresponding to residues in both the NTR and
ACD, but not the CTR.

C. Heparin-induced tau4RD fibril formation assay monitored by ThT. Tau4RD (3.5 uM)
aggregates within six hours, with a lag phase of approximately 1 hour. Addition of 1 molar
equivalent HspB1pimer (blue) or HspB InTtr-acD (purple) causes a delay in aggregation of about 2
hours. Addition of HspB1acp (green) does not alter the aggregation kinetics of tau4RD.

D. Intensity loss in "N HSQC spectrum of tau4RD (100 uM) due to binding of HspB1
constructs (200 uM). HspB 1 pimer (blue) and HspB InTr-acD (purple) both caused similar changes,
with peaks corresponding the aggregation prone motifs 2>VQIINK?% and 3°VQIVYK?3!! losing
intensity. HspB1acp caused a greater degree of intensity loss, with peaks corresponding to the
motifs 2>VQIINK? and 3%VQIVYK3'! losing nearly all their intensity, while peaks
corresponding to the region 3*’VEVKSE?# also lost intensity.
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Figure 4.2. NMR spectra of tau/HspB1 complexes

A. PN HSQC spectrum of 300 uM HspB 1 pimer alone (black) and in the presence of 1 molar
equivalent tau4RD (blue).

B. SN HSQC spectrum of 100 pM tau4RD alone (black) and in the presence of 2 molar
equivalents HspB 1 pimer (blue).

C. N HSQC spectrum of 100 uM tau4RD alone (black) and in the presence of 2 molar
equivalents HspB InTr-acD (purple).

D. "N HSQC spectrum of 100 uM taudRD alone (black) and in the presence of 2 molar
equivalents HspB1acp (green).
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Figure 4.3. Tau4RD interacts with binding sites in both the NTR and the ACD

A. HspB1 constructs used in PRE experiments. Spin label positions were chosen throughout the
NTR, near the B8 strand, and at the beginning of the CTR. The mutation at position 83 perturbed
binding between tau and HspB1 and was not included in further analysis.

B. Intermolecular PRE data. The constructs with MTSL at positions 65 (blue) 151 (dark green)
and 154 (light green) caused significant intensity loss in peaks corresponding to the motifs
2I5VQIINK? and 3%VQIVYK?3'! in the "N HSQC of tau4RD relative to the spectrum in the
which MTSL had been quenched with ascorbate. This indicates that residues 65, 151, and 154
are close in space to these motifs in tau. Constructs with MTSL at positions 26, 74, 91, and 174
caused intermediate intensity loss in these regions. The construct with MTSL at position 2 did
not cause intensity loss, indicating that residue 2 does not come in close proximity to tau4RD.

C. Changes in intramolecular PREs upon tau4RD binding with MTSL at position 65. Positive
values indicate that PREs in the presence of tau are weaker than in unbound HspB1, meaning
that tau binding causes residue 65 to move away from that residue in space. Negative values
indicate that tau binding causes residue 65 to move closer to the residue in question. Tau binding
caused residue 65 to move away from residues in strand 9 (residues 163-167) but otherwise did
not cause major perturbations.

D. Changes in intramolecular PREs upon tau4RD binding with MTSL at position 2. Overall,
PREs are weaker in the presence of tau4RD, indicating that tau4RD binding causes residue 2 to
move away from the ACD, likely through competition for binding the 4-f8 groove.
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Figure 4.4. Intermolecular and intramolecular PRE experiment controls
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A. Sequence alignment of the NTR of HspB1 with other human sHSPs. The circles indicate
positions of cysteine mutagenesis and spin label conjugation. The stars indicate phosphorylation
sites. The blue box denotes the residues present in the NTR peptide used in Fig. 4.6. The arrow
represents strand 33, the first strand in the structured ACD.
B. Intensity loss in the "N HSQC spectrum of tau4RD (with both native cysteines mutated to
serine) due to binding of HspB1nTr-AcD constructs with ascorbate-quenched (diamagnetic) MTSL
conjugated at various sites. Eight of the nine constructs (grey lines) caused a similar pattern and
magnitude of intensity loss as unlabeled HspB Intr-acD (black), indicating that conjugation of
MTSL does not disrupt the ability of these constructs to bind tau. The one exception was the
construct S83C~MTSL (teal), which showed a diminished ability to bind tau.
C. Intensity loss in the >N HSQC spectrum of tau4RD due to binding of the HspB InTr-acp S83C
construct (teal) compared to intensity loss due to binding of HspB1nTr-acD (purple). The mutant
showed a diminished ability to bind tau, indicating that the mutation alone (prior to spin label
conjugation) is sufficient to disrupt tau4RD binding.
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D. Intermolecular PRE data for the four constructs shown in grey in Fig. 4.3 that cause
intermediate PREs. The construct with MTSL at position 26 is shown in black, 74 is shown in
red, 91 is shown in blue, and 174 is shown in yellow.

E. Intramolecular PRE data for the construct '"’N-HspB Intr-acp with MTSL conjugated at
residue 65. In the absence of tau, residues throughout the ACD of HspB1lose intensity in the
presence of the paramagnetic spin label (closed circles). In the presence of tau4RD (2 molar
equivalents), the magnitude of the PREs changes, and they become particularly weak in the 39
strand (open circles).

F. Intramolecular PRE data for the construct '>’N-HspB Inxtr-acp with MTSL conjugated at
residue 2. In the absence of tau, residues in loops 4/5 and 7/8 lose intensity in the presence of the
paramagnetic spin label (closed circles). In the presence of tau4RD (2 molar equivalents), the
PREs become weaker, indicating that residue 2 moves away from the ACD (open circles).
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Figure 4.5. The groove bump mutation blocks binding to the 34-B8 groove and enhances chaperone
activity

A. Chemical shift perturbations in the "N HSQC spectrum of 100 uM HspB1acp due to tau4RD
binding. Tau4RD (4 molar equivalents) causes CSPs in peaks corresponding to the 4-B8 groove
in the spectrum of wild-type HspB1acp (red) but not in the spectrum of HspB1acp, GrooveBump
(black).

B. Intensity loss in >N HSQC spectrum of 100 pM tau4RD due to binding of 2 molar
equivalents HspB1pimer (blue) and Dimergump (orange). The groove bump mutation caused only a
slight decrease in the ability of HspB1pimer to bind tau.

C. Tau4RD fibril formation assay in the presence of 0.5 molar equivalents HspB 1 pimer (blue) and
Dimergump (orange). The groove bump mutation caused a significant enhancement in chaperone
activity.

D. Taud4RDp3011. fibril formation assay in the presence of 1 molar equivalent HspB1pimer (blue)
and HspB I bimer, GrooveBump (Orange). The P301L mutation causes tau4RD to aggregate much more
rapidly and decreases the ability of HspB1pimer to act as a chaperone. The groove bump mutation
caused a significant enhancement in chaperone activity against this chaperone-resistant tau
mutant.
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Figure 4.6. Comparison of tau4RD binding by HspB1acp and ACDgump

A. PN HSQC spectrum of 100 uM HspB1acp alone (black) and in the presence of two (pink)
and four (red) molar equivalents tau4RD. Tau4RD causes CSPs in residues corresponding to the
[34-B8 groove.

B. N HSQC spectrum of 100 uM HspB1acp, GrooveBump alone (black) and in the presence of four
molar equivalents tau4RD (red). The groove bump mutation prevents tau4RD from binding in

the B4-B8 groove.
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Figure 4.7. Effect of HspB1pimer on aggregation kinetics of tau4RDp3o11

A. HspBl1pimer causes a dose-dependent delay in taudRD (3.5 uM) aggregation, as shown in
previous studies.

B. Tau4RDp3011 has much faster aggregation kinetics than wild-type tau4RD and aggregates in
under two hours. HspB 1pimer 1s able to delay this aggregation, but it is a less potent chaperone
against tau4RDp3011 than wild-type taudRD. Its chaperone activity is also less dose-dependent.
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Figure 4.8. Comparison of distal NTR peptide binding by HspB1acp and ACDgump

A. PN HSQC spectrum of 100 uM HspB1acp alone (black) and in the presence of five molar
equivalents of the distal NTR peptide (HspB1 residues 1-13, blue). The distal NTR peptide
causes CSPs in residues corresponding to the 4-B8 groove.

B. N HSQC spectrum of 100 uM HspB1acp, GrooveBump alone (black) and in the presence of five
molar equivalents of the distal NTR peptide (blue). The groove bump mutation prevents this

peptide from binding in the 4-B8 groove.
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Figure 4.9. Characterization of activated HspB1 mutants

A. SEC-MALS of the Dimergump mutant (orange), compared to WT HspB1 (grey) and
HspB1pimer (blue). Dimergump elutes slightly earlier than HspB1pimer and forms an oligomeric
ensemble that includes some higher molecular weight species, likely tetramers.

B. SEC-MALS of the Dimerrsg mutant (red), compared to WT HspB1 (grey) and HspB 1 pimer
(blue). Dimerrsg also elutes slightly earlier than HspB1pimer and forms an oligomeric ensemble
that includes some higher molecular weight species. although the average molecular weight is
slightly lower than Dimergump.

C. Table listing the molecular weight of each HspB1 construct at the maximum of the
absorbance peak and the number of subunits corresponding to this molecular weight. Dimergump
and Dimerrsg both have molecular weights higher than that corresponding to a dimer, indicating
that they form higher-order oligomers and exist predominantly as mixtures of dimers and
tetramers.

D. Circular dichroism spectra of HspB1 constructs. HspB1pimer has a positive peak at 230 nm
characteristic of HspB1 constructs that have been phosphorylated or contain phosphomimetic
mutations. Dimerump and Dimerrsc lack this peak, despite carrying the phosphomimetic
mutations, indicating a change in the local structure of these constructs. Their CD signal is
highly similar to each other and more closely matches HspB1 WT than HspB 1 pimer.
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Figure 4.10. Chaperone activity is enhanced by release of the distal region of the NTR

A. Taud4RD fibril formation assay in the presence of 0.5 molar equivalents HspB 1 pimer (blue) and
Dimerrsc (red). The F8G mutation greatly enhances HspB1pimer chaperone activity.

B. Intensity loss in >N HSQC spectrum of tau4RD due to binding of HspB1pimer (blue) and
Dimerrsc (red). Dimerrsc causes significantly more intensity loss, likely due to decreased
competition for binding to the B4-B8 groove and enhanced interactions with the released NTR

C. Model of ways in which HspB1 chaperone activity can be enhanced. The groove bump and
F8G mutations both enhance HspB1 chaperone activity by releasing the distal region of the NTR
from the f4-B8 groove. This effect could be recapitulated by adding a binding partner, such as a
co-chaperone or potentially a therapeutic agent to compete with the NTR for the 34-38 groove.
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